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FREE RIBONUCLEIC ACID PARTICLES IN HOMOGENATES 
OF PLANT TISSUE??:3 


R. C. LINDNER, HUGH C. KIRKPATRICK anv T. E. WEEKS 
DEPARTMENT OF PLANT PaTHOLOGY, STATE COLLEGE OF WASHINGTON, TREE FRUIT 
EXPERIMENT STATION, WENATCHEE, AND HorticuLtTurAL Crops RESEARCH 
Branco, U. S. DEPARTMENT OF AGRICULTURE, 

WENATCHEE, WASHINGTON 


In a study of isolation methods for plant viruses, 
an extraction buffer was found which permitted the 
partial purification, by differential centrifugation, of 
an unstable fruit tree virus from cucumber leaf tissue 
(2). In applying this procedure to apparently healthy 
plant tissue, an unexpected number of high particle 
weight electrophoretic components was found. Some 
of the electrophoretic components were apparently 
composed solely of ribonucleic acids, and, as far as we 
know, this was the first record of the separation of 
high particle weight nucleic acids from plant cyto- 
plasm. 


MeEtTHOpDS 


The isolation procedure consisted of homogenizing 
one part of fresh leaf tissue (25 gm) with 3 parts 
of extraction buffer (75 ml). All operations were 
carried out at about 4° C. The extraction buffer was 
composed of 0.007 M potassium phosphate, 0.007 M 
ethylene diamine tetraacetic acid, 0.01.M_ cysteine 
hydrochloride, 0.01 M sodium diethyl barbiturate, and 
sufficient potassium hydroxide to bring to pH 738. 
The homogenate was filtered with suction through a 
thin pad of glass wool to remove coarser cell debris, 
and then centrifuged at 15,000 rpm for 15 min 
(20,360 x g maximum) in a Spinco preparative centri- 
fuge (No. 40 head) to remove the finer cell debris. 
The high particle weight proteins and nucleic acids 
were separated at 40,000 rpm for 120 min (144,700 x g 
maximum) and the supernatant containing the lower 
weight materials was discarded. The pellets were dis- 
solved with 2 ml of pH 7.0 buffer (composed of 0.02 M 
neutral potassium phosphate and 0.15 M_ potassium 
chloride) and combined in a single tube. The low and 
high speed centrifugation cycles were repeated, yield- 


1 Received March 21, 1955. 

2 Scientific Paper No. 1300, Washington Agricultural 
Experiment Stations, Pullman, Washington. Project No. 
865. 

3 These studies were aided by a contract between the 
Office of Naval Research, Department of the Navy, and 
the State College of Washington (NR 134-121), and 
were supported in part by funds provided for biological 
and medical research by the State of Washington Initia- 
tive Measure No. 171. 





ing a clear gelatinous pellet. This pellet was dissolved 
with 3 ml of phosphate-chloride buffer and the debris 
removed at 5,000 rpm for 15 min (2,264xg maxi- 
mum). The colorless (sometimes with a tinge of 
green), slightly opalescent solution was subjected di- 
rectly to electrophoretic analysis in a Perkin-Elmer 
electrophoresis apparatus. The phosphate-chloride 
buffer was used during electrophoresis as in the isola- 
tion procedure, so that it was not necessary to dialyze 
the sample. Concentrations of the various electro- 
phoretic components were calculated from the areas 
under the peaks. 

All data reported in this paper are from plants 
grown in an insect-free greenhouse in pasteurized soil. 
A number of varieties were used. Typical varieties 
chosen for this report included cucumber, Cucumis 
sativus L. var. Chicago Pickling; tomato, Lycopersi- 
cum esculentum Mill. var. Early Wonder; cowpea, 
Vigna sinensis (Torner) Savi; bean, Phaseolus vul- 
garis L. var. Stringless Green Pod; mahaleb cherry, 
Prunus mahaleb L.; and tobacco, Nicotiana Tabacum 
L. var. Turkish and N. rustica L. 


RESULTS 


Typical results from electropiioresis studies are 
shown in figure 1. Ultraviolet absorption spectra of 
successive increments of both ascending and descend- 
ing limbs were made. The descending limb yielded 
typical nucleoprotein spectra throughout. The ascend- 
ing limb, on the other hand, yielded nucleic acid 
spectra until the position of the principal protein peak 
(Ps) was reached, when nucleoprotein spectra were 
obtained (fig 2). The slower moving components 
were thus considered to be nucleoproteins and were 
arbitrarily designated P,, Ps, and Ps. The faster 
moving components were considered to be nucleic 
acids and were arbitrarily designated N,, No, Ng, and 
Ny. The principal nucleoprotein component (P3) is 
similar if not identical to the fraction I protein of 
Wildman and Bonner (6) and the nucleoprotein iso- 
lated by Pirie (5). 

The electrophoretic mobilities of the various high- 
weight components are shown in table I. It can be 
seen from table I and figure 1 that the cytoplasmic 
components are somewhat similar even though the 
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Fic. 1. Electrophoretic patterns of high-weight pro- 
teins and free nucleic acids from leaves of various plant 
species. Ascending limb patterns at 60 minutes. P,, Po, 
and P; are arbitrarily lettered nucleoproteins and Ni, Noe, 
Ns, and N, are arbitrarily lettered free nucleic acids. 


plant species are varied. Tobacco leaves yield the 
lowest number of components, but with tobacco, as 
with the other plants tested, large amounts of free 
ribonucleic acid may be recovered if immature leaves 
and growing tips are used. 

The free nucleic acids are more mobile in the 
electrophoresis cell and can thus be drawn off from 
the ascending limb as a mixture (N, —N,4) and sepa- 
rated from the nucleoproteins. When thus separated, 
the free nucleic acids give negative Biuret and Nin- 
hydrin tests for proteins. On hydrolysis with N sul- 
furic acid, ribose can readily be detected in them, 
either with an orcinol color test or by paper chroma- 
tography using a phenol-water solvent and developing 
the spot with ammoniacal silver nitrate by the method 
of Partridge and Estall (4). No evidence of desoxy- 
ribose could be detected in the free ribonucleic acids. 

Sufficient free nucleic acids were obtained from 
immature leaves to permit hydrolysis with perchloric 
acid by the method of Marshak and Vogel (3) and 
the determination of purine and pyrimidine compo- 
sition by paper chromatography using the isopropa- 
nol solvent of Wyatt (7).- Typical results of such 
analyses are shown in table II. Only adenine, gua- 


nine, cytosine, and uracil could be detected in the free 
ribonucleic acids confirming the other observations 
that these constituents are composed solely of ribo- 
nucleic acid (RNA). Furthermore, when chromato- 
grams of the free ribonucleic acids were sprayed with 
ninhydrin, only a trace of color developed. On the 
other hand, when nucleoprotein chromatograms were 
sprayed with ninhydrin an intense color developed. 
Thus, if proteins were present in the free RNA, they 
were present only in trace amounts. 
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Fic. 2. Ultraviolet absorption spectra of 1) free ribo- 
nucleic acids from cucumber (Ni, Ne, Ns, and N,); 
2) commercial ribonucleic acid from yeast; and 3) nucleo- 
protein isolates from cucumber (P;, Ps, and Ps). 




























TABLE [| 
ELECTROPHORETIC Mositities oF HIGH-WEIGHT NUCLEO- 


PROTEINS AND FREE Nucieic Acips FROM LEAF 
CYTOPLASM OF VARIOUS PLANTS 

















CoMPONENTS 
PLANT NUCLEOPROTEINS FREE NUCLEIC ACIDS 
P, P; Ps Ni Ne Ns N, 
Electrophoretic mobility x 10~ * 

Cucumber ........ 04 33 5.5 73 86 118 14.1 
Tema 6 6s.sc4i. 05 25 42 Ge Va .:. 142 
COWMRE ecsicis since 0.7 35 6.0 74 34 ~..4 BD 
Mahaleb cherry .. 04 09 36 65 81 116 141 
TORMOOD a0esccace-es a i a oe ewes 





*In buffer composed of 0.02M neutral potassium 
phosphate plus 0.15 M KCl. 


It should be noted that the data in table II are 
from mixtures of electrophoretic components. How- 
ever, the free RNA differs significantly in concentra- 
tion of one or more bases from the mixture of free 
RNA plus protein RNA, indicating that the free RNA 
and the RNA combined with the protein are not the 
same. Therefore it is not likely that the free RNA 
is derived directly from the high-weight nucleoprotein 
RNA. 

It will be noted that the concentration of the gua- 
nine plus cytosine pair is greater in all cases than the 
adenine plus uracil pair. This is in accord with the 
work of Elson and Chargaff (1) who report a pre- 
ponderance of guanine plus cytosine in all RNA (ex- 
cept yeast) studied in their laboratory, while the 
adenine plus thymine pair predominates in deoxy- 
ribonucleic acids. Most of their work was done on 
nucleic acids from animal sources. 

The question of whether the free nucleic acids 
occur as such in intact cytoplasm or whether they 
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TABLE III 


NUCLEOPROTEIN AND FREE Nucteic Actin CONCENTRATION 
(PPM OF THE FRESH WT) IN LEAVES OF DIFFERENT 
AGES FROM 5-WEEK-OLD CUCUMBER PLANTS 











NUCLEOPROTEIN FREE NUCLEIC ACID 





Lear (PPM) (PPM) 
Apical (1-3) 515 975 
4 440 460 
5 395 220 
6 665 240 
7 760 190 
Basal (8) 480 75 


Leaf 8 (4 weeks earlier) 940 565 


represent breakdown or polymerized products from 
the isolation procedure is difficult to resolve. It was 
thought that a study of the distribution of the free 
nucleic acids in various parts of the plant might aid 
in answering this question. With this in view, cucum- 
ber seeds were germinated in the dark. The roots, 
hypocotyls, and cotyledons were separated and ana- 
lyzed as previously indicated. The roots yielded only 
55 ppm of the fresh weight of nucleoproteins and no 
detectable free nucleic acids; the hypocotyls 40 ppm 
nucleoproteins and 60 ppm free nucleic acids; and the 
cotyledons and growing point 1060 ppm nucleopro- 
teins and 2335 ppm free nucleic acids. 

Another series of cucumber plants were grown in 
the green house. The first mature leaf was analyzed 
and four weeks later all of the leaves were analyzed. 
The results are shown in table III. The amount of 
high-weight free nucleic acid varies markedly with 
leaf age. The highest concentration occurs in the 
young leaves; and, as the leaves mature, the free 
nucleic acid content decreases. 

Cucumber cotyledons usually persist on the plant 
for several weeks, after which time they turn yellow 


TABLE II 


Morar Ratios of PurINE AND PYRIMIDINE Bases IN HIGH-WEIGHT FREE 


Nucteic Acips AND NUCLEOPROTEINS * 





Source a -- 
ADENINE Uracin 

Cucumber 

Free RNA (Ni, Ne, Ns, Nia) ... 26 18 

Free RNA+protein RNA ..... 26 20 
Tomato 

Free RNA (Ni, Ne, Na) ....... 17 23 

Free RNA+protein RNA ..... 24 18 
Tobacco 

Free RNA (Ni, N,) 006.62 eee eee 21 22 

Free RNA+protein RNA ..... 24 19 
Bean 

Free RNA (N,, Nz, N,) owes eee 20 22 

Free RNA+protein RNA ..... 22 21 


* Total bases = 100. 














BASE 
SEEN a : = ADENINE + URACIL 
GUANINE CYTOSINE GUANINE + CYTOSINE 
32 24 0.78 
34 21 0.84 
30 30 0.67 
32 25 0.74 
28 29 0.75 
33 25 0.74 
30 27 0.74 
33 24 0.75 


LS.D. at 5% level 08 
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Fic. 3. Changes with time in high-weight cytoplasmic 
constituents of cucumber cotyledons from intact and de- 
topped plants. 


and dry. If the epicotyl and axillary buds are re- 
moved, however, the cotyledons remain green for 
several months. The high-weight constituents of coty- 
ledons from normal and de-topped plants were com- 
pared, and the results are shown in figure 3. The free 
nucleic acid content of normal cotyledons is very low, 
but there is a rapid accumulation of free nucleic acids 
in cotyledons from de-topped plants. After two weeks 
the free nucleic acid content exceeds the nucleoprotein 
content. 

While not conclusive, the results would indicate 
that free nucleic acids are common constituents of leaf 
cytoplasm. The fact that free nucleic acids accumu- 
late to relatively high concentration in cotyledons of 
de-topped plants suggests that they may serve as a 
nucleic acid reserve, although they may serve specific 
functions as well. So far as we know, this is the first 
time free nucleic acids have been reported, possibly 
owing in part to the fact that they are very easily lost 
in the isolation procedure. The free nucleic acids are 
precipitated by acids and by high salt concentrations. 
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SUMMARY 


High-weight free ribonucleic acids have been found 
in homogenates of plant tissue from a number of dif- 
ferent kinds of plants, and may be isolated by differ- 
ential ultracentrifugation followed by electrophoresis. 
At least four different types of free ribonucleic acids 
may be characterized by their electrophoretic mobil- 
ity. They are more mobile than accompanying nucleo- 
proteins and may thus be separated by electrophoresis. 
The free nucleic acids give typical nucleic acid ab- 
sorption spectra and ribose may be detected in them, 
after hydrolysis, either with an orcinol color test or 
by paper chromatography. When the free nucleic 
acids are hydrolyzed with perchloric acid, only the 
bases adenine, guanine, cytosine, and uracil could be 
detected by paper chromatography. 

The free nucleic acids are unstable and care must 
be exercised in their isolation. Their concentration is 
usually inversely proportional to the age of the tissue, 
and mostly confined to the above ground parts of 
plants. If the epicotyl and axillary buds are removed 
from cucumber seedlings, relatively large amounts of 
free nucleic acids accumulate in the cotyledons for 
several weeks. Cotyledons from intact plants contain 
relatively little free nucleic acid. 

It is concluded that free ribonucleic acid is a com- 
mon constituent of young leaves, buds, and growing 
points of many kinds of plants. It is not known 
whether the free nucleic acid merely serves as a re- 
serve or whether it has specific functions. 
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EFFECTS OF PETROLEUM OILS ON THE CARBON DIOXIDE OUTPUT 
IN RESPIRATION OF PARSNIP AND MUSTARD? 


V. A. HELSON anp WM. HAROLD MINSHALL 3 


Botany AND PLant PatHoLtocy Division, ScieNce Service Burtpinc, Orrawa, ONTARIO 


Herbicidal oils are used extensively for weeding 
umbelliferous crop plants such as carrots and parsnips, 
but as yet, a satisfactory explanation has not been 
viven for the selective action of these oils. Investiga- 
tions were undertaken to determine if the effects of 
certain petroleum oils on some of the physiological 
processes of plants would elucidate the mechanism of 
the selective action. Some of the results have been 
presented to meetings of scientific workers, and sum- 
maries (3, 7) have been published of these presenta- 
tions. The present paper deals with the effects of 
herbicidal oils on the respiration of plants. 


MATERIALS AND METHODS 


The plants used were parsnip, Pastinaca sativa L. 
var. Hollow Crown, and common mustard, Brassica 
Kaber Wheel. var. pinnatifida Stokes. These plants 
were grown at 21°C in a greenhouse with southern 
exposure and shaded by slats during the summer 
months. Parsnip was given 35 fe of supplementary 
incandescent light from 5 to 9 P.M. during the winter 
months. As mustard leaves are very small when 
grown under long days the day length for the mustard 
plants was shortened to 12 hours during the summer 
months by darkening them with a black cloth, and 
they were not given supplementary light during the 
winter months. The ages of the plants used were, 
parsnip 60 to 70 days and mustard 30 to 40 days 
from the time of sowing. The leaf areas varied from 
40 to 60 em? for parsnip and from 30 to 60 em? for 
mustard. 

The main 2 oils used in this work were a petroleum 
naphtha, representative of the selective herbicidal oils, 
and a paraffinic oil, representative of non-phytotoxic 
oils. The chemical and physical properties of these 
oils are given in table I. One large sample of each of 
the oils was used throughout the study and was kept 
tightly stoppered in a dark place. The petroleum 
naphtha belongs to that group of oils variously termed 
stoddard solvent, mineral spirits, solvent naphthas 
ete. As it is a petroleum oil and its boiling point is in 
the naphtha range we have chosen to call it a petro- 
leum naphtha. 

Other phytotoxic oils used in this study were: 
(a) the naphthene fraction of a petroleum naphtha, 
(b) the naphthene-paraffin fraction of a petroleum 
naphtha, (ce) p-cymene, an aromatic hydrocarbon, 
(d) n-dodecane, a paraffinic hydrocarbon, (e) 20 % 
p-cymene in n-dodecane, (f) 300 and 3000 ppm of Hg 
in the petroleum naphtha and (g) 450 and 3000 ppm 


1 Received March 28, 1955. 

2 Contribution No. 1507 from the Botany and Plant 
Pathology Division, Science Service, Canada Depart- 
ment of Agriculture, Ottawa, Ontario. 

3 Present address: Science Service Laboratory, Uni- 
versity Sub Post Office, London, Ontario. 


of Hg in the paraffinic oil. To obtain the naphthene 
fraction and the naphthene-paraffin fraction of petro- 
leum naphtha, 2 petroleum naphthas were chosen, one 
containing naphthenes and aromatics, and the other 
containing paraffins, naphthenes and aromatics. The 
aromatics were removed from both of these oils by 
silica gel percolation leaving (a) a naphthene fraction 
and (b) a naphthene-paraffin fraction containing 68 % 
naphthenes and 32 % paraffins by volume. The Hg 
was the oil-soluble methyl-9-acetoxymercuri-10-meth- 
oxystearate, prepared according to the method of 
Ralston et al (9). 

The respiration determinations were made by 
measuring the CO. output of the intact shoots of 
plants with an infrared microanalyzer. This micro- 
analyzer is similar to the one used by Scarth et al 
(10), and is sensitive to 1 ppm of CO, in CO.-free 
air. The plants were placed in respiration chambers 
in the laboratory the evening previous to an experi- 
ment. To assure that the plants were not low in 
respiratory substrate for the experiment they were 
illuminated throughout the night with 600 fe of light 
and supplied moist, atmospheric air at 40 liters per 
hour. The next morning the chambers were darkened 
with heavy black paper, and for the experiment they 
were supplied CO,-free air at 25 liters per hour and 
held at 22.5° C + 0.5° and around 50 % relative hu- 
midity. After darkening, the CO, output of the 
plants was followed until steady rates of respiration 
were established. This required from 1 to 2 hours, at 
the end of which time treatment was carried out. 
Treatment consisted of applying oil drops to the upper 
leaf surfaces until all of the leaves appeared oil- 
soaked. 

The respiration chambers were made from lantern 
chimneys, 17 em in height, 12 em in diameter at the 
centre, 6 cm in diameter at the top and bottom, and 
having a volume of 1230 ml. The tops of the cham- 
bers were closed by means of thin, flexible three-hole 
rubber stoppers, each stopper containing an air inlet 
tube going nearly to the bottom of the chamber, an 
air outlet tube near the top of the chamber and a per- 
manently installed dropper filled with the oil to be 
used for treatment of the plant. This permanently 
installed dropper permitted application of drops of 
the oil to the dorsal surface of the leaves without intro- 
ducing laboratory air containing CO.. The bottom 
of each chamber was imbedded in paraffin wax, which 
covered and separated the soil frum the respiration 
chamber. The stems at the base of the plants were 
surrounded by plasticine to prevent heat injury when 
the melted wax was poured over the soil. When ap- 
plied in this manner the wax did not affect the respi- 
ration of the plants over the time period studied. 

It was necessary in this work to apply the oils 
directly to the leaves in the plant chamber to deter- 
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TABLE [| 


PHYSICAL AND CHEMICAL PROPERTIES OF THE OILS 














‘ SAYBOLT ? 
Om Borne VISCOSITY SURFACE PaRAFFINS NAPHTHENES AROMATICS AcIDS PEROXIDES 
RANGE ra TENSION 
AT 99° C 

“¢ sec dynes/cm Jo Jo Ye % Te 

Petroleum naphtha 149 to 204 28.4 26.7 25 52 21 < 0.002 0.0 
at 20.5° C 

Paraffinic oil 204 to 260 30.0 27.7 100 0 0 < 0.002 0.0 
at 215°C 








mine their immediate effects on the respiration of the 
leaves. As the vapours of these oils have infrared 
absorption bands and as the infrared microanalyzer 
is non-selective, it was necessary to remove these 
vapours from the air before the air entered the infra- 
red microanalyzer. <A series of 6 scrubbers made from 
25 x 200 mm test-tubes and each containing 10 ml of 
Parke-Davis heavy mineral oil completely removed 
the vapours of petroleum naphtha from runs of 8 
hours or longer. The efficiency of the scrubbers was 
checked at frequent intervals by obtaining no deflec- 
tions on the infrared microanalyzer when oils were 
added to a plant chamber not containing plant mate- 
rial and through which CO.-free air was passing as in 
the experimental runs. 

In each experiment, in order to establish a rela- 
tionship between the respiration rates of the control 
and test plants, 3 or more deflections on the infrared 
microanalyzer for the CO. output were taken for each 
plant before treatment. The ratio of the means of 
these deflections for each plant gave the expected 
rate. Oil was then applied to the leaves of the test 
plant and deflections for both the control and test 
plants were followed for the duration of the experi- 
ment. It was assumed that the expected rate would 
remain constant throughout the experiment and any 
variations from this expected rate after the oil was 
applied were due to the influence of the oil on the 
leaves. Actually, when the respiration rates of 2 
plants, not treated with oil, were followed for 7 hours 
the standard deviation of the expected rate was 
+7 %. 

From 3 to 9 experiments were carried out on each 
phase of the work and the results from a single repre- 
sentative experiment are presented. The daily mean 
respiration rates with their standard deviations are 
given for the control plants in the figure legends. 
Where the leaf areas were available the respiration 
rates have been expressed as pl of CO. output per 
hour per dm? of leaf area; otherwise they have been 
expressed as pl of CO, per hour per shoot. 

To compare the internal temperature of the leaf 
with the ambient temperature #40 copper-constantan 
thermocouples were threaded into the leaf tissue. 
When petroleum naphtha was applied to the leaves 
in the dark, the temperature of the leaves decreased 
by only 0.1 to 0.2° C. 

To investigate the effect of O. supply, the CO, 
output was followed with the plants in an atmosphere 





of nitrogen. As the anaerobic respiration rates of 
parsnip were always lower than the aerobic respira- 
tion rates, the parsnip shoots were supplied N. from 
the beginning of the experiment, but the oil was not 
applied to the leaves until 2 hours later when the 
lower anaerobic respiration rates were well established 
for both the control and test plants. 


EXPERIMENTAL RESULTS 


EFFECTS OF PETROLEUM NAPHTHA AND PARAFFINIC 
Ort: The petroleum naphtha rapidly increased the 
CO, output of both parsnip and mustard (fig 1). 

Tests were made to determine if this measured 
increase was produced by either the evolution of a 
volatile substance other than CO. but with an infra- 
red absorption band, or the expulsion of CO.-rich air 
from the intercellular spaces. When soda lime towers 
were placed in the air line after the plant chamber 
the application of petroleum naphtha to the plant did 
not produce a deflection on the microanalyzer. This 
result proved that CO. was responsible for the meas- 
ured increase. When 0.1 mg of CO, was added to the 
plant chamber (fig 1, “CO. introduced”) the response 
was much faster and less prolonged than when the 
rapidly penetrating petroleum naphtha was applied. 
This result indicated that the measured response was 
not due to the expulsion of CO.-rich air by the entry 
of oil into the intercellular spaces. It should be 
pointed out that the 0.1 mg of CO. was added over a 
period of one minute, which was approximately the 
time required for the oil to be applied and to pene- 
trate the leaves of a plant. For the reasons stated 
above we believe that the immediate increase meas- 
ured by the microanalyzer was a true respiration 
increase. 

Figure 2 gives the time course in hours for the 
respiration of parsnip and mustard plants following 
the application of petroleum naphtha to the leaves. 
Following the immediate increases in the respiration 
raves, the respiration of parsnip, a resistant plant, re- 
mained high for 3 or more hours, then began to return 
to normal and was near normal by 24 hours after 
application of the oil. Parsnip leaves showed no visi- 
ble signs of injury. For mustard, a susceptible plant, 
the respiration rapidly decreased and was down to 
15 % by 24 hours after application of the oil. At this 
time the leaves were dead and only a portion of the 
main stem was still living. These respiration results 
for mustard were obtained in January when the 
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crowing conditions for plants in the greenhouse are ration of parsnip and mustard shoots are given in fig- 
poor, and they indicate that the plants had some ure 6. As 300 ppm of Hg in the paraffinic oil did not 
‘olerance to the oil. The respiration of mustard plants decrease the respiration of mustard shoots to below 
crown in the greenhouse during the summer months normal but 450 ppm of Hg did, the latter concentra- 
dropped to almost nil by 4 hours after application of — tion was chosen for this study. 

the oil and showed no signs of recovery. When 450 ppm of Hg in paraffinic oil was applied, 

Unlike the results for petroleum naphtha the im- the effect on parsnip resembled that of the paraffinic 
mediate effect of a non-phytotoxic, paraffinic oil was oil alone, but on mustard it resembled that of the 
a decrease in respiration (fig 3). Following this de- petroleum naphtha. There was very little visible in- 
crease, the respiration of both parsnip and mustard jury to the treated parsnip leaves but the mustard 
increased and remained above normal for 5 or more leaves were completely killed and the slight respira- 
hours but had returned to around normal by 24 hours — tion was from the main stem. When 3000 ppm of Hg 
after application of the oil, and the leaves showed no in paraffinic oil was used, the effects on both plants 
visible injury. resembled that of petroleum naphtha on mustard. 

Figure 4 compares the effects on the respiration The parsnip leaves showed definite visible injury 24 
rates of parsnip shoots of varying the quantities of hours after application of the oil; the mustard leaves 
petroleum naphtha and of paraffinic oil placed on the were completely killed and only a portion of the main 
leaves. As the quantities of petroleum naphtha were stem remained alive. 
increased from 0.2 to 1.6 ml of oil per 100 cm? of leaf EFFECTS OF FRACTIONS OF PETROLEUM NAPHTHA: 
area, increasing translucence from 25 to 100 % of the The effects of a naphthene fraction and a naphthene- 
total leaf area, there was a corresponding increase in paraffin fraction of petroleum naphtha on the respira- 
the respiration rate of parsnip shoots. But for the tion of parsnip and mustard shoots are given in fig- 
paraffinic oil, the smallest quantity of oil used caused ure 7. Both fractions increased the respiration of 
the respiration rates to increase to 127 % of expected parsnip and mustard. Their effect, therefore, did not 
rate and the addition of larger quantities of the oil differ from that of the petroleum naphtha containing 
had no further effect on the respiration rate. naphthenes, paraffins and aromatics. 

Errect oF Mercury ADDED TO THE Two OILS: Errects OF Pure Hyprocarsons: Table II gives 
The results obtained for petroleum naphtha contain- the effects of 2 pure hydrocarbons on the respiration 
ing 300 ppm of Hg by weight are shown in figure 5. rates of parsnip and mustard shoots. The hydrocar- 
For parsnip, the respiration results were similar to bon n-dodecane is a 12-carbon paraffin boiling at 
those for petroleum naphtha alone although the in- 216°C and p-cymene is a 10-carbon aromatic boiling 
creases in respiration were higher. The 300 ppm of at 175°C. These two hydrocarbons were chosen as 
Hg in the petroleum naphtha seemed to have no in- being representative of the paraffins and aromatics 
jurious effect on parsnip leaves over that of the pe- contained in a petroleum naphtha (boiling range 149° 
troleum naphtha alone. For mustard, following the to 204°C). 
immediate increase in respiration, the decline was Both the n-dodecane and the 20% p-cymene in 
accelerated by the presence of Hg. When 3000 ppm n-dodecane had the same effects on respiration of 
of Hg in petroleum naphtha was applied to parsnip parsnip and mustard as petroleum naphtha. They 
leaves the respiration immediately increased and then also acted selectively, causing no injury to parsnip 
decreased to below normal by one hour and was down leaves, but completely killing mustard leaves. The 
to 53 % of expected rate by 24 hours after applica- p-cymene alone caused immediate, temporary in- 
tion of the oil. These leaves showed definite spots of creases in the respiration of both parsnip and mus- 
injury. tard, followed by decreases to almost nil by 24 hours 

The effects of Hg in the paraffinic oil on the respi- when the leaves of both species were dead. 


TABLE II 


EFFECTS OF n-DODECANE, P-CYMENE AND 20 % p-CYMENE IN n-DODECANE ON THE 
RESPIRATION oF PARSNIP AND MUSTARD Guoors 




















PARSNIP Mustarp 
TYPE OF OIL TIME FROM TREATMENT, HRS Trees FROM TREATMENT, HRS 
4 1 5 24 3 1 5 24 
% expected rate * 
ee 138 147 125 110 126 135 80 10 
eS reer eee Tome 226 55 21 21 172 61 14 5 
20 % p-cymene in n-dodecane 236 140 130 101 183 126 47 7 





* Expected rate is the ratio of the mean respiration rates for the control wh test plants alone oil was applied 
to the test plant. Results are from single representative experiments. Daily mean respiration rates for control 
plants; parsnip 474 + 35 wl CO./hr x dm’, mustard 210 + 53 ul CO-/hr x shoot. 
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EFFECTS UNDER ANAEROBIC ConpiTIONS: The pres- 
ence of oil in the leaves might reduce the O. supply 
to the leaf cells. Figure 8 shows that when parsnip 
leaves, not treated with oil, were deprived of O. by 
supplying them with N» the CO, output of the leaves 
decreased. Therefore, the increases in CO, output, 
observed when oil was applied to parsnip leaves, can- 
not be attributed to a reduction of O. supply to the 
leaf cells, caused by the presence of oil films on the 
cell walls. 

The effects of petroleum naphtha on the anaerobic 
respiration of parsnip were similar to those for petro- 
leum naphtha on the aerobic respiration (fig 8). The 
paraffinic oil had very little if any effect on the anaer- 
obie respiration of parsnip shoots. 


DISCUSSION 


Although the increase in respiration rate produced 
by petroleum naphthas in this study agrees with some 
results reported for other oils (2, 6) it does not agree 
with the results reported by the majority of workers 

4, 4, 5, 8, 11). These workers have reported that 
the application of a petroleum oil decreased rather 
than increased the rate of respiration. In those 
studies reporting decreases in respiration rates closed 
systems were employed, which would hold oil vapours 
in close proximity to the leaf tissue. In the present 


study, unless tissues were actually killed by the oil no 
indications have been obtained of a decrease in respi- 


Fic. 1. 
at arrow. 
taining a normal parsnip plant. 
ul CO2/hr x shoot. 





Fic. 2. Further effects of petroleum naphtha on the respiration of parsnip and mustard shoots. 


ration following the application of petroleum naphtha 
to the leaves. Young and Morris (12) proposed that 
oils may have 2 effects: (a) a physical effect, plugging 
stomata, intercellular spaces and tracheae, causing de- 
creases in respiration, and (b) a chemical effect, in 
which non-lethal toxic chemicals such as unsaturated 
hydrocarbons increase respiration. From the results 
presented here there appear to be the following 4 dif- 
ferent effects of oils on the respiration of plants. 
DEcREASED RESPIRATION RATES DvuE TO PHYSICAL 
EFFECT OF THE Om: In this study, the only physical 
effect of oils on respiration comparable to that de- 
scribed by Young and Morris (12) was the immedi- 
ate, temporary decrease in COs, output lasting for 
only a few minutes when the paraffinic oil was ap- 
plied to leaves (fig 3). This decrease was likely due 
to the paraffinic oil interfering with the gas exchange 
of the leaves when the oil was penetrating the sto- 
mata and spreading through the intercellular spaces. 
As the viscosity and surface tension of the petro- 
leum naphtha were similar to those of the paraffinic 
oil, table I, it would be expected that the petroleum 
naphtha also would cause an immediate temporary 
decrease in COs, output. Actually, there was an im- 
mediate increase in CO, output when petroleum 
naphtha was applied to parsnip and mustard leaves. 
An explanation for the apparent absence of this physi- 
eal effect of the petroleum naphtha on the leaves can 
be found in figure 6. The presence of 3000 ppm of 





Immediate effects of petroleum naphtha on the respiration of parsnip and mustard shoots. Oil applied 
For curve marked “CO, introduced” 0.1 mg of COz was introduced at the arrow into the chamber con- 
Initial respiration rates for parsnip 216 + 4 ul CO:/hr x shoot, for mustard 176 + 6 


Expected rate 


is the ratio of the mean respiration rates for the control and test plants before oil was applied to the test plant. Oil 
applied at arrow. Daily mean respiration rates for control plants: parsnip 429 + 32 ul CO./hr x dm’, mustard 126 +13 


ul CO2/hr « shoot. 


Fic. 3. Effects of a non-phytotoxic, paraffinic oil on the respiration of parsnip and mustard shoots. Oil applied 


at arrow. 
CO./hr x shoot. 

Fic. 4. 
respiration rates of parsnip shoots. 


Daily mean respiration rates for control plants: parsnip 155 + 13 ul CO./hr x shoot, mustard 174 +14 ul 


Effects of varying the quantities of petroleum naphtha and paraffinic oil placed in the leaves on the 
Each point is the mean of 3 to 5 determinations made between 1 to 5 hours 


after application of the oils. Daily mean respiration rate for control parsnip plant 478 + 45 ul CO2/hr x dm’. 


Fie. 3. 


Effects of petroleum naphtha containing 300 or 3000 ppm of Hg on the respiration of parsnip and 


mustard shoots. “Parsnip 300 ppm Hg” indicates that 300 ppm of Hg by weight in petroleum naphtha was applied 


to parsnip. Oils applied at arrow. Note the change in scale for % of expected rate. 


Daily mean respiration rates 


for control plants: parsnip 151 + 13 wl CO2/hr x shoot, mustard 314 + 10 ul CO2/hr x shoot. 
Fic. 6. Effects of paraffinic oil containing 450 or 3000 ppm of Hg on the respiration of parsnip and mustard 


shoots. 


“Parsnip 450 ppm Hg” indicates that paraffinic oil containing 450 ppm of Hg by weight was applied to 


parsnip. Oils applied at arrow. Daily mean respiration rates for control plants: parsnip 232 + 10 ul CO2/hr x shoot, 


mustard 492 + 31 ul CO./hr x dm’. 
Fic. 7. 
ration of parsnip and mustard shoots. 


Effects of the naphthene fraction and the naphthene-paraffin fraction of petroleum naphtha on the respi- 
“Parsnip, naphthenes + paraffins’ 


? 


indicates that the naphthene-paraffin frac- 


tion of petroleum naphtha was applied to parsnip. Oils applied at arrow. Daily mean respiration rates for control 
plants: parsnip 191 + 31 yl CO./hr x shoot, mustard 326 + 52 ul CO2/hr x shoot. 
Fic. 8. Effects of petroleum naphtha and paraffinic oil on the anaerobic respiration of parsnip shoots. Ne was 


supplied for 2 hours before the oils were applied. Oils applied at arrow. 


For curve marked “anaerobic condition 


(no oil)” the air supply to the chamber containing a normal parsnip shoot was changed from CO: free air to Ne 
at the arrow. Respiration rate of parsnip in CO: free air 520 + 23 ul CO2/hr x dm’, in N2 331 + 20 ul CO2/hr x dm’. 
Daily mean respiration rate for control parsnip in Nz 263 + 29 ul COs/hr x shoot. 
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Hg in the paraffinic oil resulted in an immediate in- 
crease in CO, output for both parsnip and mustard 
with no evidence of an immediate decrease. This indi- 
cates that if the toxicity of the oil is high, the in- 
creased CO, output masks the decrease due to the 
physical effect of the oil on the leaves. 

INCREASED RESPIRATION RATES UNDER AEROBIC 
Conpitions Onty: When the paraffinic oil was ap- 
plied to parsnip and mustard leaves under aerobic 
conditions (fig 3), a definite increase in respiration 
was apparent 20 minutes after application of the oil 
and persisted for 5 hours or longer. As the respira- 
tion rates were near normal again by 24 hours, this 
stimulation of aerobic respiration was only temporary 
and caused no permanent injury to the leaf tissues. 
The paraffinic oil had no effect on the respiration of 
parsnip leaves in an atmosphere of Nz (fig 8). As the 
anaerobic conditions would eliminate the aerobic oxi- 
dation processes of respiration these results indicate 
that the paraffinic oil must have stimulated the aer- 
obic oxidation processes. Audus (1), by following 
CO, output, obtained respiration results similar to 
those above when he gently squeezed cherry laurel 
leaves between 2 rollers. He found that in an atmos- 
phere of N. there was no effect on respiration while 
in an atmosphere of air the respiration increased. 
Possibly the stimulation by the paraffinic oil was simi- 
lar to the mechanical stimulation observed by Audus. 

INCREASED RESPIRATION RATES UNDER BoTH AER- 
OBIC AND ANAEROBIC CONDITIONS: When petroleum 
naphtha was applied to parsnip leaves there were in- 
creases in respiration under both aerobic and anaer- 
obie conditions (figs 2 and 8). The higher respiration 
rates under aerobic conditions, as compared to those 
under anaerobic conditions where the aerobic oxida- 
tion processes would not function, indicate that both 
the oxidation and glycolytic processes of respiration 
were stimulated by petroleum naphtha. 

Evidence that stimulation of respiration is a direct 
chemical effect of some constituent(s) of petroleum 
naphtha is apparent from the results in figure 4, where 
the respiration rates of parsnip leaves increased as the 
quantity of oil placed in the leaves was increased, and 
also from the results in figure 5 where increasing the 
toxicity of the oil by adding 300 ppm of Hg caused 
the respiration rates of parsnip leaves to be higher 
than when petroleum naphtha alone was used (fig 2). 
The stimulation of respiration cannot be attributed 
to acids and peroxides in the oils, because the analyses 
showed them to be present in negligible amounts, 
table I; but the results presented in table II and fig- 
ure 7 indicate that this stimulation may be due to 
aromatics, naphthenes and/or certain paraffins. 

DecrEASED RESPIRATION RATES Due TO KILLING 
or Tissues: The killing of plant tissues is dependent 
upon their relative tolerance to the phytotoxicity of 
the oils. Parsnip, a resistant plant, will tolerate mod- 
erately toxic oils such as the petroleum naphtha or 
20 % p-cymene in n-dodecane, while mustard, a sus- 
cetible plant is killed by these oils, figure 2 and table 


II. Parsnip, however, will not tolerate a pure aro- 
matic hydrocarbon such as p-cymene. ; 

Even when the plant tissue is about to be killed 
by an oil, there is an immediate temporary increase 
in respiration rates. If the respiration rates drop to 
below normal following this immediate temporary in 
crease, they never return to normal again and th 
plant tissue is permanently damaged. 

MECHANISM OF SELECTIVE ACTION: An explan 
tion of the selective action of the petroleum naphth 
on parsnip and mustard plants is not readily apparen 
from these respiration studies. The following conclu 
sions, however, may be drawn from the respirati 
results: (a) Oils that increased respiration rates un 
aerobic conditions only were non-phytotoxic. (b) ¢ 
that increased respiration rates under both aerol 
and anaerobic conditions were either moderately tox: 
selective herbicidal oils, or they were highly toxic non- 
selective herbicidal oils. (c) If they were selectiv 
herbicidal oils, the high respiration rates persisted 
5 hours or longer for parsnip, a resistant plant, 
the respiration of mustard, a susceptible plant, rapic 
declined to below normal within the first hour ar 
was approaching zero within 24 hours. (d) If the, 
were non-selective herbicidal oils, the respiration rates 
increased immediately after application of the oil. 
but the respiration rapidly declined to below norme 
within the first hour and the plants were killed withi 
24 hours. 


SUMMARY 


As part of a study of the phytotoxic action of 
petroleum oils, the effects of several oils on the respi- 
ration of a resistant plant (parsnip) and of a sus- 
ceptible plant (mustard) were determined by means 
of an infrared microanalyzer. 

When a non-herbicidal, white, paraffinic oil of boil- 
ing range 204 to 260°C and containing no aromatic 
hydrocarbons was applied to either plant there was a 
sudden, slight decrease of short duration in respira- 
tion, followed by an immediate increase and a gradual 
return to normal by 24 hours, with no apparent 
injury. 

The herbicidal oils included (a) a petroleum naph- 
tha of boiling range 149 to 204°C and containing 
21 % aromatic hydrocarbons, (b) its naphthene frac- 
tion, (c) its naphthene-paraffin fraction, (d) a pure 
paraffin, n-dodecane, (e) 20 % p-cymene, an aromatic 
hydrocarbon, in n-dodecane, (f) 300 ppm of Hg, in 
the fofm of methyl-9-acetoxymercuri-10-methoxystea- 
rate, in the petroleum naphtha, and (g) 450 ppm of 
Hg in the paraffinic oil. When applied to parsnip 
they all produced a sharp rise in respiration followed 
by a gradual return to normal by 24 hours with no 
visible injury; but when applied to mustard a similar 
sharp rise in respiration was followed by a marked 
reduction and death of the plant. 

A concentration of 3000 ppm of Hg in either the 
petroleum naphtha or the paraffinic oil produced a 
sharp rise in respiration of parsnip and mustard, fol- 
lowed by a marked reduction and death of the plants. 
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The sharp rise immediately following the applica- 
ion of these oils was shown to be a true respiration 
increase and was due neither to the evolution of a 
volatile substance with an infrared absorption band 
nor to the expulsion of CO.,-rich air by the entry of 
»il into the intercellular spaces. 
Under anaerobic conditions, the non-herbicidal, 
ite, paraffinic oil had no effect on the respiration of 
arsnip leaves while the petroleum naphtha caused an 
merease, indicating that the paraffinic oil stimulated 
ihe aerobic oxidation processes while the petroleum 
saphtha stimulated both the aerobic oxidation proc- 
«ses and the glycolytic processes of respiration. 
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THE ROLE OF BORON IN THE TRANSLOCATION OF ORGANIC 
COMPOUNDS IN PLANTS"? : 
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AND DEPARTMENT OF Botany, UNIVERSITY OF MARYLAND, 
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The essentiality of boron for higher plants was 
demonstrated in 1910 (1). Since then several thou- 
sand reports have appeared and numerous physiologi- 
cal roles have been ascribed to boron. The literature 
has been reviewed by Gauch and Dugger (7) and in- 
terpreted in the light of some of the more recent evi- 
dence. They (6) recently postulated that boron may 


1 Received July 14, 1955. 
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was supported in part by a contract with the Atomic 
Energy Commission, No. AT(30-1)-1504. 
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Maryland, College Park, Maryland. 





be necessary in order for sugar to move through the 
protoplasmic membranes. According to their theory, 
boron may react with the sugar molecule to form a 
complex which then moves through the membrane 
with greater facility than the sugar molecule itself. 
They also recognized that boron might instead be 
associated with the membrane, reacting with the sugar 
molecule at this locus. They believed that the evi- 
dence favors this latter mechanism. 

Many authors have concluded that the high con- 
centration of sugars in the leaves of boron-deficient 
plants was due to a breakdown of the conductive tis- 
sues with a concomitant reduction in translocation. 
Most of these studies have been conducted on plants 
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showing morphological symptoms. There is some evi- 
dence (6, 12) that boron deficiency has an effect on 
the translocation of sugars, and possibly other organic 
compounds, before vascular derangement occurs. 

In this study, an attempt was made to compare 
the translocation of carbohydrates in plants grown in 
a boron-sufficient nutrient solution with that of plants 
grown in a boron-deficient nutrient solution and to 
correlate this information with the observed symp- 
toms of boron deficiency. Experiments were con- 
ducted on plants soon after the boron supply was 
removed, as well as on those showing symptoms of the 
deficiency. 


MATERIALS AND METHODS 


CuLture MetrHops: Marglobe tomato (Lycoper- 
sicum esculentum Mill.) plants were used in all of the 
experiments. It has been shown that the boron re- 
quirement for tomato is not altered by photoperiod 
(15). Lights were used, however, during the winter 
months to augment photosynthesis and thus to im- 
prove plant growth. 

Seedlings were produced in flats containing sand. 
At the desired stage of growth, they were trans- 
planted to automatically-irrigated sand culture equip- 
ment similar to that described by Gauch and Wad- 
leigh (8). Five, 4, and 2 ml of molar solutions of 
Ca(NO3).°4H.O, KH.PO,4, and MgSO,-7 H.O, re- 
spectively, were added per liter of de-ionized water. 


Using monosodium, iron, ethylene-diaminotetraacetate 
(5000 ppm Fe) and a “supplementary solution” (50 
ppm Zn as ZnSO,-7 H.O, 16 ppm Cu as CuSO,-5 
H.O, and 500 ppm Mn as MnCl.) 0.6 ml and 1 ml, 
respectively, of each of these two stock solutions were 


added to each liter of the nutrient solution. Boron, 
as HgBOs, was either absent or present in varied con- 
centrations. 

For the early growth of plants, 0.05 ppm of added 
boron appeared to approach sufficiency but, to ensure 
an adequacy, 0.1 ppm of boron was generally em- 
ployed. Unless otherwise indicated, plants were 
grown to the desired stage with 0.1 ppm of boron. At 
this time the solutions were replaced with de-ionized 
water for 12 hours to free the cultures of boron. Fol- 
lowing this treatment, the nutrient solutions were re- 
plenished, omitting boron in those solutions which 
were to be deficient. Usually solutions were changed 
weekly during the course of a given experiment. 

Using the carmine method (9), attempts were 
made to determine the amount of boron in the de- 
ionized water but, even after concentrating 100-fold, 
none could be detected. Since a progressive increase 
in growth throughout the following portion of the 
range of boron concentrations, 0, 0.002, 0.005, 0.0075, 
0.01, 0.015, and 0.02 ppm was observed, it would ap- 
pear that the boron content of the de-ionized water 
must have been very low. 

EXPERIMENTS WITH C!4-LABELED SucrRosE: Ex- 
periments on the absorption and translocation of sugar 
in tomato plants were performed in the greenhouse. 
The third leaf from the tip of each plant was ex- 


cised so as to leave intact as much of the petiole as 
possible. The tip of the petiole at this node was then 
immersed in 3 ml of a 7% solution of uniformly- 
labeled sucrose having a specific activity of 0.0343 
pe per ml. After the desired length of time, the 
plants were fractioned and dried in a hot-air, forced- 
draft oven at 70° C prior to grinding and the prepara- 
tion of samples for counting. 

EXPERIMENTS WITH C1!4Q,: Experiments involv- 
ing CO, were performed in an atmosphere containing 
0.5 % COs so that the system would not be depleted 
of CO, during the course of the experiments. The 
total amount of C!* in the closed system was varied 
between 20 and 40 microcuries. The C4 was ob- 
tained as BaCOg and was converted to NaCOg, in 
water to facilitate precision in the measurement of 
aliquots. Boron-deficient and sufficient plants were 
carefully potted from sand culture, watered, and 
placed in the dark for 24 hours to lower the internal 
carbohydrate level. One intact leaf of each plant was 
carefully placed in a desiccator (exposure chamber), 
with modeling clay being inserted in the notch in the 
lid to make a seal around the petiole. 

After a predetermined amount of evacuation, 
C140, was released in a separate chamber (desicca- 
tor) with HgPO, and circulated with a model T-4 
Sigmamotor rubber-tubing pump for 10 minutes to 
allow the system to equilibrate. Light (approxi- 
mately 250 fe) was supplied by two 200-watt incan- 
descent light bulbs and a fluorescent light in the top 
of the hood. Lights were adjusted with the aid of a 
light meter so that the illumination would be as uni- 
form as possible. The CO, was circulated within the 
closed system during the course of the experiment. 
Under these circumstances, preliminary experiments 
indicated that the temperature in the chamber did 
not rise more than 2°C above room temperature. 
After the desired length of time, plants were pressed 
and dried for radioautographs or fractioned and dried 
in an oven at 70° C. 

Samples for radioassay were prepared on rings 
covered with celluloid tape, as described by Mitchell 
and Linder (13), and counted with a windowless flow 
counter. The weight of the samples was generally 
about 15 mg. Radioautographs were prepared in the 
usual manner with Kodak x-ray film. Exposure time 
was 2 days. 

CHROMATOGRAPHIC TECHNIQUES: After killing in 
boiling ethanol, the leaves were extracted in a Soxhlet, 
and the soluble materials were concentrated on a 
steam bath. 

Organic acids were separated (3) with n-butyl 
alcohol, acetic acid, and water (4:1:1, v/v) and (5) 
ether, acetic acid, and water (13:3:1, v/v). Amino 
acids and sugars were separated with n-butyl alcohol, 
acetic acid, and water (4:1:1, v/v) and phenol and 
water (3:1, v/v). The indicators were bromcresol 
green for organic acids, ninhydrin for amino acids, 
naphthoresorcinol for sucrose, and benzidine for glu- 
cose and fructose. The general methods, outlined by 
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Block et al (3) for indicators and solvents, were em- 
ployed. 
RESULTS AND DISCUSSION 

\[orPHOLOGICAL SymMpToMs: Johnston and Dore 
(10) and Johnston and Fisher (11) have described 
boron-deficiency symptoms on tomato. There are nu- 
merous other reports of boron-deficiency symptoms 
in general. Many of the symptoms of boron-defi- 
ciency indicate a possible deficiency of carbohydrates. 
The fact that root tips die first (4) is indicative since 
they are close to the boron which is available but are 
far from the carbohydrate supply. During the seed- 
ling stage, the cotyledons of boron-deficient plants, 
erown in sand culture, enlarged to approximately 
twice the size of those of normal plants. This might 
indicate that boron-deficient plants are capable of ex- 
panding tissues near a source of supply of carbohy- 
drate, but that they are not capable of developing 
new leaves to which large amounts of carbohydrates 
must be translocated. Young boron-deficient tomato 
plants, which have several sets of leaves, develop axil- 
lary shoots after the tips die (10). This again may 
be a response to an inadequacy of the mechanism for 
translocation. It is evident that an imbalance of hor- 
mone, associated with the death of the tip, could also 
be involved. 

AppLiep Suaars: Several authors have implied 
that boron may be directly involved in the transloca- 
tion of sugars (6, 12, 14). Inasmuch as stem-tips are 
among the first parts to die, attempts were made to 
prevent this occurrence by an application of aqueous 
sugar solutions to the tips. Solutions cgntaining 4 % 
glucose, fructose, or sucrose were sprayed on the tips 
of plants that were receiving a boron-deficient solu- 
tion. There was no apparent improvement of the 
“boron-deficient”” plants receiving these applications 
of sugar. These results may have been caused by a 
failure of the applied sugars to penetrate even the 
outer layer of cells when the plants were boron de- 
ficient. 

By immersing the tips of the petiole at the third 
node (leaf blade excised) in a 7% C14-labeled su- 
crose solution, the plants absorbed the sucrose and 
translocated it (or its hydrolytic products), so that a 
detectable amount was in the tips: within two hours. 
Translocation was primarily to the tip and the first 
leaf below the tip, although the second leaf below was 
sometimes as active as the first leaf. Other leaves 
did not have a detectable amount of radioactivity in 
them. As shown in table I, plants grown in the ab- 
sence of boron, but not yet showing visible symptoms 
of boron deficiency, translocated more sucrose (or its 
hydrolytic products) when 50 ppm of boron were 
added to the solution than when sucrose alone was 
applied. Normal plants, grown with 0.5 ppm boron, 
did not show a consistent increase in translocation 
when boron was added to the sugar solution. 

When plants were showing morphological boron- 
deficiency symptoms, the uptake and translocation of 
applied sucrose to all parts of the plant were reduced 
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TABLE I 


Errect oF Boron ON THE DISTRIBUTION OF RADIOACTIVITY 

IN NORMAL AND BorON-DEFICIENT ToMATO PLaNnts. C- 

LABELED Sucrose Was INTRODUCED AS A SOLUTION THROUGH 

THE STUMP OF THE PETIOLE AT THE THIRD NODE FROM 

THE Tip. (Each VALUE FROM A SAMPLE COMPOSED OF 
Dvupticate PLANTs) 








CpMm/10 MGS OF DRY PLANT MATERIAL 





NORMAL PLANT DEFICIENT PLANT 








PLANT PART SucROSE Sucrose 
Sucrose AND SUCROSE AND 
APPLIED BORON APPLIED BORON 
APPLIED APPLIED 
2-hour sampling 
fo Re ee er 18 10 9 30 
First leaf ..... 13 22 8 52 
Second leaf ... 7 4 4 26 
Average ...... 13 12 7 36 
3-hour sampling 
po ree 18 27 23 35 
First leaf ..... 19 43 30 79 
Second leaf ... 6 28 53 23 
Average ...... 14 33 35 46 
5-hour sampling 
DAE sa a cckscass 52 28 35 72 
Piret leak ......... 74 31 58 128 
Second leaf ... 16 28 15 33 
Average ...... 47 29 36 78 
7-hour sampling 
pee 60 164 70 87 
Pirst- leaf ....... 104 120 89 145 
Second leaf ... 31 50 64 109 


Average ...... 68 111 74 114 





(table II). The addition of boron at this stage ap- 
parently did not facilitate the translocation of sugar. 
Boron appears to aid in the translocation of carbo- 
hydrates before morphological symptoms are visible, 
but it does not increase the amount of translocation 


TABLE II 


Errect OF Boron ON THE DISTRIBUTION oF RADIOACTIVITY 

IN NORMAL AND IN PLANTS SHOWING Boron DericreNcy 

Symptoms. C™-LasBeLtep SucrosE Was INTRODUCED AS A 

SOLUTION THROUGH THE STUMP OF THE PETIOLE AT THE 

TuHirp Nope FROM THE Tip. (EAcH VALUE FROM A SAM- 
PLE COMPOSED OF DUPLICATE PLANTS) 








CpM/10 MGS OF DRY PLANT MATERIAL 


NORMAL PLANT 





DEFICIENT PLANT 





PLANT PART 





SUCROSE Sucrose 
SucrROSE AND SucROSE AND 

APPLIED BORON APPLIED BORON 

APPLIED APPLIED 
SUR stint Su wis ors 100 100 18 35 
Upper leaves .. 66 97 30 17 
Lower leaves .. 36 38 10 1 
IN occ Lacie 64 55 16 30 
Co 49 51 14 15 
Average ...... 65 68 18 20 
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Fic. 1 


Radioautograph illustrating the distribution 
of C™ in boron-sufficient plants after 4 hrs of photosyn- 
thesis. (Arrow indicates position of exposed leaf. Roots 
are light area at left, bottom.) 


after symptoms are visible. The results of this ex- 
periment suggest that perhaps injury to the phloem 
had occurred which applied boron could not alleviate— 
at least during the course of these experiments. 

C40, EXPERIMENTS WITH PLANTS SHOWING 
BoroN-DEFICIENCY SYMPTOMS: Plants were subjected 
to C40, to determine whether the normal distribu- 
tion pattern of the photosynthetic products would be 
altered when plants were boron deficient. Leaves of 
normal tomato plants and those of plants showing 
severe symptoms of boron deficiency were placed in 
a specially-designed chamber and exposed to 20 mi- 
crocuries of C140, for 4 hours. 

Radioautographs of these plants indicated that 
most of the photosynthetic products were translo- 
cated into the tip, first leaf below the tip, and the 
roots of normal plants (fig 1). Only traces of radio- 
activity were found in the other leaves. When plants 
were showing severe symptoms of boron deficiency, 
most of the translocation of the photosynthetic prod- 
ucts was also to these same parts. The veinal pat- 
tern in normal plants was somewhat more distinct 
than that in boron-deficient plants. Those areas or 


regions of the plant usually associated with boron 
deficiency symptoms received the major portion of 
the photosynthate. This was true even when symp- 
toms were severe (fig 2). The relative amounts of 
the photosynthate translocated to each region can be 
better evaluated from the counting data (table III). 
The counting data showed that a greater per- 
centage of the fixed C!* was translocated by boron- 
sufficient plants than by boron-deficient plants. This 
was more evident in the basal than in the apical por- 
tion. The magnitude of this difference could easily 
account for the death of plant parts or organs with 
inherently rapid rates of respiration. This would be 
especially true of the roots since they are farthest 
from the source of production of carbohydrates. It 
is possible that other essential compounds, which 
must be translocated from one part of the plant to 
another, would not be as readily translocated. Alex- 
ander (2) and Chandler (4) reported that boron- 
deficient plants lose their capacity to respond to 
gravity. This would indicate that there is some rela- 
tion between boron and the production, translocation, 
or action of hormones. Mitchell et al (12) found that 





Fic. 2. Radioautograph illustrating the distribution 
of C™ in boron-deficient plants after 4 hrs of photosyn- 


thesis. (Arrow indicates position of exposed leaf.) 
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TABLE III 


DISTRIBUTION OF THE PHOTOSYNTHETIC PRropucTS OF BORON-DEFICIENT AND BORON-SUFFICIENT 
PLANTS AFTER 4 Hrs of PHOTOSYNTHESIS IN AN ATMOSPHERE CONTAINING C™Os. 








C* as % OF TOTAL AMOUNT FIXED PER PLANT 


PLANT PART 
Boron sSuFFI- Boron DEFI- 
CIENT PLANT CIENT PLANT 











First leaf 

Stem above treated leaf .. 
Stem below treated leaf .. 
Other leaves 

Roots 
Total 





Expt II 
9/21/54 


Expt III 
9/24/54 
BoroN SUFFI- 
CIENT PLANT 





BORON DEFI- 
CIENT PLANT 





BoroN SuFFI- BORON DEFI- 
CIENT PLANT CIENT PLANT 








0.7 





24-D and other growth-modifying substances were 
more rapidly translocated when boron and sugars 
were also applied. A decrease in the translocation of 
various compounds could be involved in the appear- 
ance of boron-deficiency symptoms but, as with hor- 
mones, the effect of boron on the translocation of car- 
bohydrates may be the main effect. 

C40, EXPERIMENTS WITH PLANTS Not SHOWING 
Boron-DeEFIcIENcy SymMptoMs: In order to determine 
how the rate of translocation was altered over short 
intervals of time when boron was absent from the 
nutrient solution and to determine at what stage of 
boron deficiency a difference in translocation could be 
noted, a series of plants was exposed to 20 yc of 
C40. for 20 minutes. At the completion of the ex- 
posure period the plants were fractioned, dried, and 
prepared for radioactivity assay. The plants were 
grown to about 10 inches in height with 0.1 ppm of 
boron, and then half of them were placed on a boron- 
free nutrient solution. The others were continued 
with 0.1 ppm of boron. Boron-deficient plants 
showed the characteristic symptom of brittleness at 
the end of 8 days and were just beginning to show 
other morphological symptoms at the end of 14 days 
when the experiments were discontinued. 

Plants exposed to 20 ye of C!* for 20 minutes had 
a measurable amount of radioactivity in the first 4 


TABLE IV 


PERCENT OF ToTaL PHOTOSYNTHATE TRANSLOCATED AFTER 

20 Min or PHOTOSYNTHESIS WITH 20 MIcROCURIES OF 

C“O.. (EAcH VALUE FROM A SAMPLE CoMPoseED oF DUPLI- 
CATE PLANTS) 








No BORON 
ADDED 


Days on 
TREATMENT 


0.1 Ppm or 
BORON ADDED 


% INCREASE 
DUE TO BORON 

0.32 0.29 -12 

0.42 : 81 

0.55 214 

0.17 a 

0.08 88 

0.05 40 








em up and down the stem from the point of attach- 
ment of the C14-exposed leaf. After 4 days, plants 
lacking boron showed a decrease in the amount of 
fixed carbon that was translocated, as compared to 
normal plants treated in the same manner (table IV). 
With the exception of the eighth day, this decrease 
was observed throughout the experiment. On this 
day one of the duplicate boron-deficient plants was 
lost. 

Since 20 pe of C140, did not result in a detectable 
amount of radioactivity beyond 4 em up and down 
the stem, the experiment was repeated with 40 yc of 
C140,, and 30 minutes (20 min of light; 10 min dark) 
were allowed for translocation. It was then possible 
to measure activity in the first 8 em up and down 
the stem. 

Vernon and Arnoff (16) found that the radioactiv- 
ity in soybean plants treated with C140, for 20 min- 
utes decreased logarithmically with the distance from 
the point of attachment of the treated leaf. This was 
also found to be the case in these experiments with 
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Fic. 3. Logarithmic plot of C™-radioactivity in 2-cm 
stem segments of boron-deficient and boron-sufficient 
tomato plants treated with 40 ue of C%Os. In light, 
20 min; darkness, 10 min. 
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tomato plants. Samples were counted in 2-cem seg- 
ments to include a distance of 8 em up and down the 
stem from the locus of the treated leaf. The activity 
was not sufficiently high in the sections of the stem 
beyond 8 cm to be determined accurately. The early 
stages of boron deficiency did not alter this logarith- 
mic pattern of distribution. Movement in both 
boron-deficient and sufficient plants was usually 
greater in a downwarc than in an upward direction in 
the stem. A typical logarithmic plot of the activity 
found in these segments is shown in figure 3. 

The total amount of C!* fixed by boron-deficient 
plants did not vary much from that of controls. The 
variation in the per cent of translocation from one 
interval to the next was largely due to unknown fac- 
tors. It must be borne in mind, however, that treat- 
ment started at a stage of vigorous growth and that 
plants treated on the fourteenth day were about twice 
as large as those treated on the second day. The leaf 
selected for exposure on any given day was that leaf 
nearest the middle of the plant. As the plants de- 
veloped, this resulted in a shift in the stage of de- 
velopment of the exposed leaf. Care was taken in 
selecting plants so that the boron-deficient and suffi- 
cient plants would have morphologically equivalent 
leaves on any given day. 

In all cases boron-sufficient plants translocated a 
greater percentage of the C!* fixed, on any given day, 
than did comparable boron-deficient plants (table V). 


The amount of translocation in boron-deficient plants 
dropped to a low level after only 2 days and re- 
mained lower than that of boron-sufficient plants dur- 
ing the course of the experiment. 

CHROMATOGRAMS OF SOLUBLE PLANT MATERIAL: 
Chromatograms made from leaf and stem extracts 
did not indicate large differences in organic acids be- 


tween boron-deficient and sufficient plants. Citric, 
malic, suecinic, and an unknown acid whose Ry corre- 
sponded to published values for a-ketoglutaric acid, 
were well resolved. Visual estimation of the amount 
of each acid indicated relatively little difference. 

Chromatograms of amino acids resolved into eight 
spots. No visual difference was apparent between 
boron-deficient and boron-sufficient stems and leaves. 
Similarly little difference was apparent in the propor- 
tionalities of glucose, fructose, and sucrose in the 
leaves of boron-deficient and sufficient plants. 


TABLE V 


PerceNT oF Tota PHOTOSNYTHATE TRANSLOCATED AFTER 

20 MIN or PHOTOSYNTHESIS AND 10 MIN oF DarKNEsS 

with 40 Microcurtes or C“Os.. (EAcH VALUE FROM A 
SAMPLE CoMPposED oF DupLicaTE PLANTS) 








% INCREASE 
DUE TO BORON 


0.1 Ppm or 
BORON ADDED 


No BORON 
ADDED 


Days ON 
TREATMENT 





0.24 
0.14 
2.21 
0.77 
0.24 
1.18 


2.41 





Radioautographs of chromatograms of extracts of 
plants exposed to C!4O, for 20 min indicated that the 
majority of the photosynthate soluble in 80 % alcohol 
was represented by glucose, fructose, and sucrose in 
the exposed leaf in both boron-deficient and sufficient 
plants. Of the translocation products, extracted from 
boron-deficient plants, sucrose was by far the domi- 
nant constituent. The translocation products of 
boron-sufficient plants were not determined. 

It is evident that the lack of boron decreased the 
amount of translocation to all parts of the plant soon 
after the boron supply was removed. Though the 
details of the action of boron in the translocation of 
carbohydrates are not yet clear, a mechanism similar 
to that proposed by Gauch and Dugger (6) would 
agree with the experimental evidence presented here. 


SUMMARY 


A role of boron in the translocation of sugars was 
verified by these experiments with tomato plants in 
sand culture. 

Sugar sprays applied to the tips of boron-deficient 
plants did not prevent death of the tips, but radio- 
active sucrose was more rapidly translocated in 
boron-deficient plants not yet showing morphological 
symptoms in the presence of 50 ppm of boron than in 
the absence of added boron. Once morphological 
symptoms of the deficiency were visible, sucrose up- 
take and translocation were reduced and applied 
boron did not aid in the distribution of the applied 
sugar. 

After 4 hours of exposure to C14O, a greater per- 
centage of the photosynthate was translocated in 
boron-sufficient plants than in those showing boron 
deficiency symptoms. This was more apparent in the 
basal than in the apical portions of the plant. 

After 20 min exposure to C1!4O,, distribution of 
Cl4 was found to decrease logarithmically with dis- 
tance up and down the stem from the point of attach- 
ment of the exposed leaf. Boron-sufficient plants 
translocated a greater percentage of the photosyn- 
thate as early as 4 days after the boron supply was 
removed in one experiment and as early as 2 days in 
another experiment. With only one exception, this 
was found throughout the 14 days of experimentation. 

Chromatographically there were no apparent dif- 
ferences in the concentrations of amino acids and or- 
ganic acids in the two kinds of plants, and sugars 
were in the same proportions. Presumably sugar was 
moving primarily in the form of sucrose. 
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NECESSITY OF INDOLEACETIC ACID FOR THE DUPLICATION 
OF CROWN-GALL TUMOR CELLS?? 
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The presence of a crown-gall tumor in vivo is fre- 
quently associated with numerous modifications of the 
growth behavior of the host. Included among these 
are severe epinasty, suppression of the development 
of lateral shoots, delay in petiolar abscission, and in- 
creased cambial activity. Many investigators found 
that indoleacetic acid (IAA) could induce almost 
identical abnormalities independent of the presence of 
a tumor (1, 14). It was postulated by Link and 
Eggers (18) that crown-gall tumors contained high 
concentrations of IAA that were carried throughout 
the host plant and were responsible for the observed 
changes. Indeed, bioassays of tomato plants demon- 
strated that there was much more auxin in tumor 
tissues than in corresponding normal stem tissues (18). 
This report could not at the time be confirmed (24), 
but the present evidence supports the findings of Link 
and Eggers. Although it was not then known whether 
the crown-gall bacteria synthesized the IAA present 
in tumor tissues or whether it was formed in the 
tumor cells, DeRopp (3) later concluded that the 
tumor cells themselves were the primary source of the 
auxin. Both Kulescha (15) and Henderson and 
Bonner (10) demonstrated that there was more IAA 
in the tissues of sterile tumors in vitro as compared 
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with in vitro cultures of normal tissues and that IAA 
was synthesized by tumor cells. 

Attempts to prove that these high endogenous 
levels of IAA are necessary for the duplication of 
tumor cells have failed since additions of IAA to 
crown-gall tissue in vivo or in vitro were generally 
inhibitory or without significant effect on tumor-cell 
duplication (8, 11, 15). The simplest way to demon- 
strate a positive role for IAA in the growth of crown- 
gall tissues would be to reduce the biologically effec- 
tive level of IAA with concomitant reduction in 
growth. Control rates of growth should be restored 
by addition of this growth substance. 

Two lines of attack on this problem have appeared. 
The first of these is the radiation technique discovered 
by Skoog (28) and developed by Gordon (6, 7, 35). 
Here, controlled doses of ionizing radiation reduce the 
endogenous level of IAA, presumably by blocking its 
synthesis. The doses of radiation used are not perma- 
nently inhibitory to other cellular processes, although 
higher doses have profound effects on chromosomes, 
nucleic acid biosynthesis, and other processes (22, 23) 
which are not reversible with IAA. Levin and Levine 
(19) and Rivera (25) found that hard x-rays would 
prevent the growth of tumors on Ricinus as judged by 
increases in tumor size or by microscopic examination 
of the affected cells. Stapp and Bortels (29), how- 
ever, were unable to observe any reduction in tumor 
growth on tomato plants following x-irradiation. 
Recently, Waggoner and Dimond (33) demonstrated 
that ionizing radiations delayed the appearance of 
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tumors in tomato and suppressed the growth of pre- 
viously formed tumors. None of these workers at- 
tempted to reverse the radiation-induced inhibitions 
of tumor-cell growth with exogenous supplies of IAA. 

The second technique now available for reducing 
the biologically effective level of IAA in tissue re- 
quires a specific antimetabolite. Experiments of this 
type, to be of positive value, must result in inhibitions 
of growth by the presumed antimetabolite which may 
be reversed by appropriate concentrations of the me- 
tabolite, in this instance, IAA. Interpretation of the 
results may be complicated by the fact that exogenous 
supplies of IAA may be inhibitory when supplied to 
tumor tissues which contain endogenous IAA. Thus, 
both antimetabolite and metabolite may be independ- 
ently inhibitory, and inhibitions induced by either 
compound should be reversible by the other (5). The 
reports of McRae and Bonner (21) and Gentile and 
Klein (5) suggested that 2,4,6-trichlorophenoxyacetic 
acid (TCPA) might be a specific antimetabolite for 
TAA. 

The experiments reported at this time, using both 
radiation and antimetabolite approaches, give pre- 
sumptive evidence that IAA is, in fact, required for 
the duplication of the crown-gall tumor cells which 
synthesize it. 


MATERIALS AND METHODS 


RapDiaTIon Stupies: Tomato plants (var. Bonny 
Best) were grown from seed in flats of garden loam. 
Plants were selected for uniformity at the three leaf 
stage and repotted in glass shell vials of one inch 
diameter. After allowing several days for recovery 
from transplanting injuries, test plants were inocu- 
lated with Agrobacterium tumefaciens (strain S 5-6) 
by a single puncture through the second apical inter- 
node with a needle dipped into an 18-hour broth 
culture of the bacteria. Control plants received 
sterile punctures. All plants were kept on a green- 
house bench for 108 hours to permit complete trans- 
formation of normal cells into primary tumor cells 
(14). They were then irradiated with x-rays, gamma- 
rays, or fast neutrons at the dose levels given in table 
I. X-rays were supplied by a General Electric Maxi- 
mar x-ray unit at 250 KV and 15 milliampere with a 
l-mm copper filter. Dose rate was controlled by 
altering the distance between the source and the zone 
of puncture. Exposures to the other ionizing radia- 
tions were carried out in a gamma-neutron radiation 
chamber (31) at Argonne National Laboratory’s CP-3’ 
reactor. Fast neutrons were produced through fission, 
by allowing slow neutrons from the thermal column 
of the reactor to impinge upon a uranium plate. 
Appropriate shielding devices of boron carbide pre- 
vented slow neutrons from reaching the plants. The 
gamma contamination of the fission neutrons was ap- 
proximately 7% of the total physical dose. Pure 
gamma radiation was obtained from 18 sources of 
cobalt® at the opposite end of the chamber from the 
uranium converter plate. 

Neutron dose was measured in roentgen equiva- 


TABLE [| 


INHIBITION OF THE DUPLICATION OF CROWN-GALL TUMOR 
CeEtts IN Vivo By Ion1zING RADIATION AND REVERSAL 
OF INHIBITION WITH INDOLEACETIC AciD * 











AV. TUMOR DIAMETER 
Dose AS Yo OF CONTROL *** 
RADIATION ROR 


REP/MIN 


Tora 
DOSE 





LANOLIN LANOLIN ** 
4 - 





Fast neutrons 3.4 340 rep 
34 550 rep 
46 950 rep 


X-rays 10.6 500 r 
10.2 1000 r 
12.2 1500 r 
475 5000r 


Gamma rays 12.2 1500 r 
12.5 2100 r 101 
12.2 2850 r 90 





*Tomato stems inoculated 108 hr prior to irradia- 
tion. 

** Lanolin pastes applied to surface of bisected inter- 
node bearing this tumor. 

*** Tumor diameter measured 18 days after irradia- 
tion and treatment. Control = tumors on untreated plants. 


lents physical (rep) with Victoreen condenser r-cham- 
bers which had been calibrated against a tissue 
equivalent chamber of 10.1% hydrogen composition 
(27) and a Hurst-Ritchie proportional counter (12). 
For gamma rays, the same condenser chambers were 
calibrated by the U. S. National Bureau of Standards. 

The plants were irradiated in a single vertical 
plane in a Lucite exposure box, 16 inches high, 16 
inches wide, and two inches thick. Approximately 30 
plants were irradiated simultaneously, half the vials 
arranged in the bottom of the box, the other half 
placed in a shelf eight inches above. The intensity 
of the radiation field was carefully mapped for all ex- 
posures with a Victoreen rate-meter. Total doses re- 
ceived at the zone of puncture on the stems of the 
tomato plants varied + 5% from the values listed 
in table I. Eight to 10 plants were used for each 
variable in all experiments. 

Within one hour after irradiation, all plants were 
decapitated just below the apical node, leaving intact 
the second internode bearing the inoculation site. 
Lanolin or lanolin-IAA pastes (1 % IAA) were placed 
on the cut surfaces with a warmed syringe; each plant 
received 0.01 ml. The plants were transferred to pots 
of loam and kept on a greenhouse bench for 18 days. 
Axillary shoots formed during this period were re- 
moved to minimize growth responses to any other 
source of auxin. Tumor-cell duplication was judged 
by determination of the diameters of stem and tumor 
with a micrometer gauge. During the period of study, 
increases in tumor size was due almost entirely to the 
duplication of tumor cells (14). 

Tissue cultures of a secondary crown-gall tumor of 
sunflower (36) were grown on White’s medium for 20 
days at 24+ 2°C. The tissues were irradiated with 
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x-rays in the culture tubes, were weighed, transferred 
1o fresh tubes of White’s medium or White’s medium 
containing 5 mg/l IAA, and were incubated for 30 
davs at 24°C. Final fresh weight values were deter- 
mined and the “percentage growth” was calculated 
(final weight — initial weight/initial weight). Increase 
in fresh weight is here used as a measure of the 
crowth by cell division since cell enlargement occurs 
infrequently under the conditions used (14). 
ANTIMETABOLITE Stupres: Sunflower tissue cul- 
tures were grown on White’s medium; all media used 
for normal tissues was supplemented with naphtha- 
leneacetic acid (NAA) at 10-7 gm/l. The following 
tissues were used: normal, habituated (9), secondary 
petiolar crown-gall (36), and primary stem crown-gall 
(2). In each ease, several morphological types of 
tissue were noted in the cultures as received in this 
laboratory and, before being used, they were selected 
to consist of a single type. Indoleacetic acid and 
TCPA were each added to White’s medium to final 
concentrations of 1 to 50x 10° and 0.1 to 10x 10> M, 
respectively. Mixtures of these compounds were made 
in all combinations with the concentrations used. 
Fragments of tissue were grown on control media for 
two weeks before being weighed to within 2 mg and 
were transferred to test media where they grew for 
30 days at 27°C. Percentage growth values were 
determined and the data are reported as percentages 
of the percentage growth of tissue grown without 
supplements. Five replicates of each variable were 
set up; the standard deviation approximated 12 %. 


RESULTS 


RADIATION StupiEs: Fast neutrons were the most 
effective in suppressing tumor-cell duplication, 550 
roentgen equivalents physical (rep) suppressing about 
75 % of tumor growth as compared with non-irradi- 
ated control (table I). X-rays and gamma-rays were 
less effective than fast neutrons. Complete inhibition 
of tumor growth was achieved with 950 rep of fast 
neutrons, 1500 roentgens (r) of x-irradiation, or 2850 r 
of gamma-irradiation. With these doses, the addition 
of IAA reversed the inhibitions although 1500 r of 
x-irradiation affected metabolic activities not reversi- 
ble with IAA since complete restoration of tumor 
growth did not occur. It is of interest that following 
5000 r x-irradiation, the inhibition of tumor growth 
was not at all reversible with IAA. In contrast to the 
findings of Waggoner and Dimond (33), no spontane- 
ous recrudescence of tumor growth was observed fol- 
lowing any radiation treatment. It is noteworthy 
that suppression of growth was achieved with dose 
levels considerably below those used by Waggoner and 
Dimond. 

Suppression of tumor-cell duplication by ionizing 
radiation and restoration of growth by IAA was also 
demonstrated with tissue cultures of crown-gall origin 
(table II). Five mg/l IAA (5.7 x 10 M) in the me- 
dium independently reduced growth to its half maxi- 
mum level, essentially the same growth inhibition 
reported by Hildebrandt and Riker (11). X-irradia- 
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Errect oF Jon1zING RADIATION AND INDOLEACETIC AcID 
ON GROWTH OF TISSUE CULTURES OF 
SECONDARY CROWN-GALL 








Ma 
No, FRESH WT % 


Stp 
DEVI- 
ATION 


%o 
Con- 


TROL 


TREATMENT 
TISSUES yyy Fy GrRowTH 


TIAL NAL 





Control 

Control +IAA* 
Irradiated ** ... 15 
Irradiated +IAA 15 


242 
267 
263 
265 


569 130 
442 66 
372 42 
545 106 


16 % 
13 % 
18 % 
14 % 





*TAA =5 mg/I. 
** 1000 r total dose of x-rays given 10 r/min. 


tion to 1000 r total dose independently suppressed 
growth 68 %. When irradiated tissues were grown on 
media containing that level of IAA which reduced 
growth to half the control value, the growth was sig- 
nificantly superior to that obtained following irradia- 
tion alone or growth in the presence of IAA. Here, 
as with tumor tissues in vivo, IAA was capable of 
reversing the inhibitory effects of radiation and JAA 
appears to be necessary for growth of the tumor. On 
the basis of these experiments, and the results of 
Weber and Gordon (35), it appears that IAA is re- 
quired for the duplication of tumor cells when they 
are rendered deficient in auxin by a radiation-induced 
blocking of IAA synthesis. These data indicate that 
IAA is required for the duplication of crown-gall 
tumor cells. 

ANTIMETABOLITE StupIes: Since this hypothesis 
would be strengthened if confirmed by an independent 
method, we turned to the antimetabolite technique 
for reducing the biologically effective level of IAA in 
the cells. The study was enlarged to include normal 
tissue cultures known to require an exogenous supply 
of IAA, or its equivalent, for growth, and habituated 
tissue which is presumed to be autotrophic for IAA. 
The sunflower tissues used differed in their growth 
rates; the 30-day increase in weight for normal tissues 
was 200%; habituated tissues, 250%; primary 
crown-gall tissue, 190%; and secondary crown-gall 
tissue, 100 %. Thus, crown-gall tumor tissues do not 
necessarily grow at faster rates than do corresponding 
normal tissues. 

For all tested tissues, both IAA and TCPA were 
independently inhibitory. To be considered as signifi- 
cant, stimulation, inhibition, or reversal of growth 
percentages of any variable must deviate from the 
appropriate control by at least 15 to 20%. Table III 
gives the concentration of IAA and of TCPA neces- 
sary to reduce the percentage growth to 50 % of the 
control value. These data suggest that secondary 
petiolar crown-gall tissue was the least able to adjust 
to changes in the biologically effective concentration 
of IAA on either side of its endogenous level (which 
may be presumed to be near optimal). Primary 
tumor tissue was the most adaptable. Normal tissues 
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TABLE III 


CONCENTRATIONS OF INDOLEACETIC ACID OF TRICHLOROPHE- 

NOxYAcETIC Acip NECESSARY TO REDUCE THE GROWTH OF 

SuNFLOWER TISSUE CULTURES TO THE Hatr MaAxIMAL 
LEVEL 








IAA 
(M x 10°) 


TCPA 
(M x 10°) 


SUNFLOWER TISSUE 
CULTURE 





Habituated 
Primary tumor 
Secondary tumor 





of sunflower, as might be expected, apparently can 
tolerate increased concentrations of IAA better than 
they can adjust to any reduction in IAA levels. 
Habituated tissues had a relatively narrow zone of 
tolerance. 

Growth of the tested sunflower tissue in the pres- 
ence of different combinations of IAA and TCPA 
showed a number of interesting correlations. For nor- 
mal tissue (table IV), 1 and 5x 10° M IAA signifi- 
cantly reversed the inhibitions of growth induced by 
0.1x10°M TCPA and all tested concentrations of 
IAA reversed the inhibitions caused by 0.5x 10° M 
TCPA. In one instance, the reversal of the inhibi- 
tions of each compound alone (double inhibition) was 
complete. TCPA at 1.0x10°M almost completely 
prevented the growth of the tissue. For normal tis- 
sues of sunflower, IAA and TCPA acted as an anti- 
metabolite-metabolite system and IAA apparently is 
required for growth. This was expected since auxin 
must be supplied to this tissue for any growth. 

For both primary and secondary crown-gall tissues 
which do not require an exogenous supply of auxin, 
similar patterns of inhibition and reversal were ob- 
tained. These data, too, are presumptive evidence 
that IAA is required for the duplication of these two 
types of crown gall tumor tissue. 

Although both IAA and TCPA were independently 
inhibitory for habituated tissue, neither substance 
significantly reversed the inhibitions caused by the 
other. There was, however, evidence that they did 
interact since the addition of 50x 10° M IAA to tis- 
sues grown with TCPA resulted in synergeistic inhibi- 
tions. Habituated tissue appears to differ qualita- 
tively from normal and tumor tissues from the same 
species. 


DISCUSSION 


There is little doubt that IAA or its biological 
equivalent is required for the growth of most plant 
tissues. The previously noted failure of workers to 
demonstrate its necessity for crown-gall tumor tissues 
is now clear. Most tumor tissues possess the ability 
to maintain endogenously a level of IAA necessary 
for optimal growth. When an additional amount of 
IAA is supplied to them, the total level becomes 
supra-optimal and inhibition or “toxicity” is observed. 
Mature tissues in vivo and tissue cultures of normal 
cells, which usually do not synthesize sufficient IAA 


for optimal growth, may be stimulated by the addi- 
tion of IAA in proper amounts. This is not to imply 
that the auxin-utilizing systems of crown-gall cells are 
qualitatively unique; they probably are quantitatively 
different from the cells from which they are derived. 
Although it would simplify the situation were high 
endogenous levels of IAA solely responsible for the 
observed growth behavior and metabolic patterns 
characteristic of crown-gall cells (14), this does not 
appear to be true. Many of the biochemical activities 
and morphogenic characteristics of tumor cells are 
quite different from normal cells or from neoplastic 
cells activated by auxins. One must conclude that 
the ability of crown-gall tumor cells to synthesize and 
to use the high levels of IAA found in them are only 
two of the activities which differentiate them from 
normal cells. 

Examination of the data obtained by two tech- 
niques indicates that IAA is required for the multipli- 
cation of crown-gall tumor cells. Previous work 
showed that auxin is one of the agents necessary for 
the complete transformation of normal cells into pri- 
mary tumor cells (14). Other work (30) suggests 
that IAA may be involved in the differentiation of 
mature tumor cells. It would appear that one sub- 
stance—IAA—plays three major etiological roles in 
the life history of a crown-gall tumor cell. 

It might be expected that anti-auxins would sup- 


TABLE IV 


INHIBITION OF THE GROWTH OF SUNFLOWER TISSUES IN 
Vitro By ErrHer INpDOLEACETIC AcID oR 2,4,6-TrICHLORO- 
PHENOXYACETIC ACID AND REVERSAL OF THESE INHIBITIONS 
BY THE OTHER CoMPoUND. RESULTS EXPRESSED AS PER- 
CENT OF THE PERCENTAGE GROWTH OF CoNnTROL CULTURES 


TCPA IAA (M x 10°) 





5.0 10.0 


Sunflower—N ormal 

100 87 72 49 24 
44 59 69 100 * : 
36 64 69 77* 

23 0 0 0 
Sunflower—H abituated 

0.0 100 4 58 Ep 55 
0.1 96 - 86 is 68 
1.0 49 oa 39 bg 52 
5.0 25 oe 22 - 19 
10.0 20 = 11 ee 17 

Sunflower—Primary crown gall 

0.0 100 a 113 Dy 74 
1.0 75 bre 7 a 90 * 


5.0 40 ee 52 =e 25 
10.0 28 se 47 Be 22 


Sunflower—Secondary crown gall 


0.0 100 a 69 nA 26 

1.0 24 <i 57 es 93 * 30 
5.0 8 ee 22 ae 31 80 * 
10.0 1 ai 3 me 10 80 * 


* Variables showing significant reversals of the double 
inhibitions. 
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press tumor growth in vivo. Roberts (26) reported 
that a naturally-occurring “anti-auxin” will reduce 
tumor growth on tomato plants and would also de- 
crease the severity of the accompanying epinasty and 
adventitious root formation characteristic of the re- 
sponse of this host to IAA diffusing from the tumor. 
Waggoner and Dimond (34) reported that maleic 
hydrazide, a reputed anti-auxin, acted in a similar 
fashion but Klein and Klein (13) and Manil and 
Straszewska (20) had previously obtained negative 
results with this compound. The failure of maleic 
hydrazide to inhibit tumor-cell multiplication in vivo 
is in contrast to its effects in vitro where it severely 
reduced tumor growth (16), but it remains to be 
determined whether maleic hydrazide is an anti-auxin. 
The data presented here does show that TCPA can be 
used as an anti-auxin in vitro. 

It is of interest that the data on TCPA reported 
here and those reported by Gentile and Klein (5) on 
Diplodia do not fit the kinetic theory developed by 
McRae and Bonner (21). The latter authors based 
their theory on the TCPA-IAA interactions on growth 
by cell elongation. Both Gentile and Klein and the 
present authors measured growth by increases in the 
weight of cell masses. In the Diplodia studies, as well 
as in the tissue cultures, growth is primarily by cell 
division. These differences in technique and results 
may indicate that IAA plays different roles in cell 
enlargement and in cell division (4). 


The radiation data reported here are of interest 
independent of their relation to the IAA problem. 
Fission neutrons and gamma rays dissipate their en- 


ergy in matter in distinctly different ways. Ions from 
gamma irradiation are more uniformly scattered 
throughout tissue, whereas fission neutrons, through 
proton recoil, cause more concentrated aggregates of 
ion pairs (17). This physical difference in specific 
ionization and linear energy transfer appears to be of 
significance in the relative biological effectiveness of 
these radiations. Although the data presented in table 
I are insufficient to justify setting a definite figure for 
the relative biological effectiveness, it is clear that 
fission neutrons are somewhat more effective and 
cobalt®® gamma rays less effective than 250 KVP 
x-rays for this biological criterion. These results con- 
firm similar experiments in which a variety of organ- 
isms (mice, chicks, fruit flies, grasshoppers, kidney 
bean seeds, etc.) have been exposed in a gamma- 
neutron chamber (32). 


SUMMARY 


The reduction of the endogenous or biologically ef- 
fective level of IAA in crown-gall tumor tissues was 
accomplished in vivo and in vitro by the use of ioniz- 
ing radiations (x-rays, gamma rays, and fast neu- 
trons) and by the use of a specific anti-auxin. In all 
cases, the primary effects were a reduction in the 
growth of the tissues. These inhibitions of growth 
could be reversed wholly or in part by supplying the 
tumor cells with appropriate concentrations of IAA. 
These results give presumptive evidence that IAA 


may be specifically required for the duplication of 
crown-gall tumor cells which presumably synthesize 
optimal amounts of auxin. 
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EFFECT OF MANGANESE AND CERTAIN OTHER METAL CATIONS 
ON ISOCITRIC DEHYDROGENASE AND MALIC ENZYME 
ACTIVITIES IN PHASEOLUS VULGARIS!:? 


IRVIN ANDERSON anp HAROLD J. EVANS 
NortH Carortna State Cottece, RareicH, Nort CaroLiNa 


It is well established that many of the enzymes in 
plants require metal ions for activity. An examina- 
tion of the effect of variable levels of mineral ions in 
culture media on enzyme activities of tissues offers 
possibilities of explaining the roles and interactions of 
metals in metabolism. Brown and Steinberg (2) have 
reported that leaves from tobacco plants grown in Fe- 
deficient media were low in peroxidase activity and 
that leaves from Cu-deficient plants were character- 
istically low in ascorbic acid oxidase activity. Another 
example of reduced activity of a metalloenzyme caused 
by a metal deficiency is the observation of Nicholas, 
Nason and McElroy (13) that nitrate reductase of 
Neurospora was markedly reduced when the fungus 
was grown in media containing insufficient Mo. Other 


1 Received August 2, 1955. 
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665. This study was supported in part by a grant from 
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metal deficiencies had little effect on nitrate reductase 
activity. 

Decreased metalloenzyme activities of tissues of 
plants grown in media deficient in the metal associated 
with the enzyme are expected. The influence of a 
metal deficiency on the activity of enzymes not known 
to be directly associated with the particular metal in 
question is more difficult to interpret. The findings 
by Nason, Kaplan, and Oldewurtel (12) that Zn defi- 
ciency in Neurospora resulted in a striking increase in 
diphosphopyridine nucleotidase is of this type. It has 
also been shown (11) that Cu-deficient tomato leaves 
exhibited abnormally high isocitric dehydrogenase ac- 
tivity. This was interpreted in terms of a specific 
effect of Cu deficiency on protein synthesis and not 
on the basis of any direct relationship between Cu 
and the enzyme. 

It has been established in numerous cases that high 
concentrations of certain metals apparently cause in- 
duced deficiencies of other metal cations. An example 
of such an interrelationship was shown by the work of 
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Somers and Shive (16). Excessive concentrations of 
\In added to culture solutions of soybeans resulted 
in symptoms that could be partially reversed by addi- 
tional Fe, and excessive amounts of applied Fe re- 
sulted in symptoms that could be alleviated by addi- 
tional Mn. Recently Weinstein and Robbins (18) 
reported that catalase and cytochrome oxidase activi- 
ties of sunflower leaves were low under the conditions 
of either Fe deficiency or Mn toxicity. It also has 
been shown by Healy, Cheng, and McElroy (8) that 
toxic concentrations of Co in Neurospora cultures re- 
sulted in enzyme patterns similar to those of Fe defi- 
ciency. It seems that much more information is needed 
on the effect of metal levels in culture media and 
ratios of various metal ions in culture solutions on 
enzyme patterns of tissues. 

It is the purpose of this communication to report 
the influence of variable cultural levels of Mn in rela- 
tion to concentrations of certain other metal ions in 
solutions on isocitric dehydrogenase and “malic” en- 
zyme activities of tissues. It has been reported that 
both of these enzymatic reactions are strongly acti- 
vated by Mn** and Co** ions and to a lesser degree by 
Mg** ions (4, 5). It is hoped to obtain a better under- 
standing of the role of Mn in plant metabolism and 
of the factors that influence the utilization of this 
element. 


MATERIALS AND METHODS 


Snapbean plants (Phaseolus vulgaris, var. Tender- 
green) used in the various experiments were trans- 
ferred at the seedling stage to aerated culture solutions 
in the greenhouse. The normal culture solution con- 
tained the following molar concentrations of major 
nutrient salts: 0.005 Ca(NOs3)»o, 0.002 MgSO,, 0.002 
K,S0,, 0.0005 K,HPO, (adjusted to pH 5.5 with 
HCl). The concentrations of micronutrient elements 
in ppm were: 0.5 Fe as FeSQ,, 0.25 Mn as MnClo, 
0.01 Zn as ZnSO,4, 0.01 Cu as CuSO,, 0.25 B as 
Na»BsO7, 0.015 Mo as NagMoO,. In those experi- 
ments involving Mn deficiency the micronutrient salts 
were purified by the method of Stout and Arnon (17). 
Experiments were designed as randomized blocks with 
3 replications. All treatments except metal toxicities 
were applied when seedlings were transferred into the 
culture solutions. Plants receiving metal toxicity 
treatments were grown in normal culture solutions 
until the appearance of the second set of trifoliate 
leaves (9 to 12 days). At that time the metal tox- 
icity treatments were applied. 

Cell-free extracts of leaves assayed in the various 
experiments were prepared by grinding with a cold 
mortar and pestle one weight of the second set of tri- 
foliate leaves with 7 weights of 0.05 M tris-(hydroxy- 
methyl)-aminomethane (TRIS) buffer at pH 7.4. The 
macerated tissue was transferred to a Ten Brock 
homogenizer, ground for 5 minutes, centrifuged at 
20,000 x g at 0 to 2° C for 10 minutes, and the super- 
natant collected. Root extracts were prepared in a 
similar manner by grinding 2 weights of water-washed 
roots with 7 weights of cold TRIS buffer. 
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For the analysis of the type of metal inhibition of 
enzyme activities a 35 to 65% (NH4).SO, fraction 
of crude extract of leaves was collected by centrifuga- 
tion and dissolved in 30 % volume (reference to crude 
extract) of 0.05 M TRIS buffer at pH 7.4. Before 
use it was dialyzed for 3 hours against 3 1 of 0.01 M 
TRIS buffer at pH 7.4, and then for 2 hours against 
3 1 of a cold resin-water suspension prepared by mix- 
ing 10 gm of hydrogen saturated IR 120 with suffi- 
cient hydroxyl saturated IRA 400 (Rohm and Haas 
Company) until the supernatant liquid was at pH 
6.5. After this treatment the enzyme activities with- 
out Mn** were less than 5 % of that of the standard 
assay mixture which included this ion. 

Isocitric dehydrogenase activity was determined 
by measuring the rate of reduction of triphosphopyri- 
dine nucleotide (TPN*, Sigma Chemical Company, St. 
Louis) in a Beckman spectrophotometer at 340 my 
with a l-cem light path. The reaction mixture con- 
tained the following materials expressed as micro- 
moles: 300 TRIS buffer at pH 7.4, 9 p,L-isocitrate at 
pH 7.4, 6 MnSO,, 0.2 TPN*. The final volume of the 
reaction mixture was adjusted to 3 ml with water and 
the reaction started by the adition of 0.1 ml of ex- 
tract. One unit of isocitric dehydrogenase was defined 
as that amount of enzyme which would cause an opti- 
cal density change of 0.001 per minute. “Malic” en- 
zyme activity was determined by a similar procedure 
with the exception that 9 micromoles of recrystalized 
L-malate at pH 7.4 were added instead of isocitrate. 


An optical density change of 0.001 per minute in this 
assay was defined as one unit of “malic” enzyme. 
Enzyme activities were expressed per mg of protein 
which was determined by the method of Lowry et al 


(10) using casein as the standard. The average pro- 
tein content of leaf extracts was 6 mg per ml and that 
of roots 2 mg per ml. 

It was necessary to determine whether or not the 
results of the “malic” enzyme assays were influenced 
by differences in lactic dehydrogenase activities of tis- 
sues. Reduced triphosphopyridine nucleotide (TPNH) 
for this assay was prepared by a reaction mixture 
containing the following materials expressed as micro- 
moles: 600 TRIS buffer at pH 7.4, 100 MgCle, 7 glu- 
cose-6-phosphate, 5 TPN*. The reaction was started 
by the addition of a solution containing 4 mg of crude 
glucose-6-phosphate dehydrogenase (Sigma Chemical 
Company, St. Louis) and the final volume adjusted to 
6 ml with water. After cessation of reaction as de- 
determined by maximum optical density at 340 my, 
the mixture was adjusted to a pH of 9.3, boiled for 3 
minutes, and centrifuged. The assay mixture for the 
determination of lactic dehydrogenase contained the 
following materials expressed as micromoles: 300 
TRIS buffer at pH 7.4, 10 pyruvate at pH 744, 6 
MnSO,, 0.025 TPNH. The reaction in a final volume 
of 3 ml was started by the addition of 0.1 ml of ex- 
tract. The amount of disappearance of TPNH with- 
out pyruvate was subtracted from those containing 
pyruvate in determining lactic dehydrogenase activity. 
The amount of TPNH added in the lactic dehydro- 
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genase assays was approximately 3-fold greater than 
the amount of TPNH produced in the “malic” enzyme 
assays at the end of one minute. Tests for lactic 
dehydrogenase were also made by using reduced di- 
phosphopyridine nucleotide (DPNH, Sigma Chemical 
Company, St. Louis) as the hydrogen donor. 


RESULTS 


MANGANESE CULTURE TREATMENT AND ENZYME 
Activities: Numerous experiments were carried out 
to test the effect of variable Mn levels in culture solu- 
tions on isocitric dehydrogenase and “malic” enzyme 
activities. Samples of tissues from plants of a typical 
experiment (table I) were assayed 4 to 6 days after 
the toxic concentration of Mn had been applied to the 
culture solutions. At this time plants grown without 
added Mn showed severe Mn-deficiency symptoms. 
The roots of plants from cultures receiving 10 ppm 
of Mn were dark brown and the leaves showed a chlo- 
rosis ordinarily associated with excessive quantities of 
this element. 

When extracts prepared from Mn-deficient or nor- 
mal plants were assayed without the addition of Mn** 
to the reaction mixture, relatively little isocitric de- 
hydrogenase or “malic” enzyme activity was observed. 
Similarly, Kraemer et al (7) have reported that cer- 
tain (NH4) SO, fractions of wheat germ exhibited no 
“malic” enzyme or isocitric dehydrogenase activity 
unless Mn** was added during assaying. Both en- 
zymes of extracts of Mn-toxic plants were highly 
active without the addition of Mn** to the assay me- 
dium. In fact, the activities of the two enzymes from 
the roots of Mn-toxie plants were not further stimu- 


TABLE I 


Errect OF MANGANESE Lever 1N CurLturRE SOLUTION 
AND Assay MIxturE oN ENZYME ACTIVITIES 





Mn CULTURE 
TREATMENT 
(PPM) 





Mn AbDED TISSUE 
IN ASSAY 
(M) 


LEAVES 
Isocitric dehydrogenase 
0.000 23* 
0.000 2.5 
0.000 33.0 


7.2 
48.0 


56.0 
134.0 


26.0 
“Malic” enzyme 


0.000 
0.000 
0.000 


0.00 
0.25 
10.00 


0.00 
0.25 


0.002 
0.002 
0.002 


LSDis«%) 


0.00 
0.25 
10.00 


0.00 0.002 
0.25 0.002 


10.00 0.002 
LSDis > 





* Units of activity expressed per mg protein. 


TABLE II 


EFrect oF VARIABLE IRON AND MANGANESE CULTURE 
LEVELS ON ENZYME ACTIVITIES 








FecutturE MncultTure TREATMENT (PPM) 
TREATMENT 
(PPM) 


TISSUE 





0.00 0.25 8.00 





Isocitric dehydrogenase 

0.005 37 * 44 * 

0.250 40 51 
15.000 44 42 
25.000 41 39 


0.005 124 110 
0.250 128 122 
Root 15.000 129 102 
Root 25.000 102 102 


LSD.;%) was 23 for leaves and 30 for roots 


Leaf 
Leaf 
Leaf 
Leaf 


Root 
Root 


“Malic” enzyme 


0.005 29 * 24 * 
0.250 23 33 
15.000 25 29 
25.000 22 27 
0.005 93 53 
0.250 100 103 
Root 15.000 182 183 
Root 25.000 192 170 
LSD.;~%) was 19 for leaves and 26 for roots 


Leaf 
Leaf 
Leaf 


Leaf 


Root 
Root 





* Units of activity expressed per mg protein. 


lated by additional Mn**. This was true even though 
the fresh tissue had been diluted over 100-fold during 
preparation and assay. 

Extracts of both roots and leaves of Mn-deficient 
plants contained as much isocitrie dehydrogenase and 
“malic” enzyme as the extracts prepared from normal 
plants when assayed by the standard procedure which 


included Mn**. The findings of Nason (11) in regard 
to the effect of Mn deficiency on isocitrie dehydrogen- 
ase in tomato leaves are in agreement with these ob- 
servations. Root and leaf extracts of Mn-toxie plants 
contained a 2- to 3-fold greater isocitric dehydrogen- 
ase activity than those of normal or Mn-deficient 
plants. Likewise, excessive Mn in culture solutions 
caused a 2.6-fold increase of “malic” enzyme of leaf 
extracts. Increased activity of this enzyme, however, 
was not observed with root extracts from these plants. 
Extracts of Mn-toxic plants did not contain an inhibi- 
tor of “malic” enzyme as indicated by experiments 
where equal amounts of extract of both Mn-toxic and 
normal roots were mixed and the results compared 
with the average of assays made on the two separate 
extracts. The specific activity of both enzymes was 
much greater in the extracts of roots than in those of 
leaves. 

Since it is known that Mg** at relatively high con- 
centrations serves as an activator of isocitric dehydro- 
genase (1), one may argue that Mn-deficient plants 
contained enough Mg to activate the enzyme in vivo 
and therefore variable Mn in culture solutions did not 
influence the activity of the enzyme. To test this 
possibility plants were grown in media deficient in 
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both Mn and Mg and tissue extracts assayed for iso- 
citric dehydrogenase. Again no significant differences 
were found when the results were compared with 
those of normal plants (data not presented). 

Factors ANTAGONIZING INCREASED ENZYME Ac- 
rivities: The results obtained from experiments with 
variable levels of Mn in culture solutions indicated 
that plants exhibiting symptoms of Mn toxicity were 
abnormally high in isocitrie dehydrogenase and “malic” 
enzyme activities. In view of the reported antago- 
nistie effect of Fe on Mn toxicity and vice versa (16) 
it was deemed necessary to study the effect of variable 
levels of both elements on these two enzymes. Bean 
plants were grown therefore with 3 levels of Mn and 
4 levels of Fe in a complete factorial experiment as 
indicated in table II. The Fe and Mn deficiency 
treatments were initiated when seedlings were trans- 
planted into solution cultures. Excessive concentra- 
tions of Fe and Mn were applied at the time of emer- 
gence of the second set of trifoliate leaves and the 
tissues were assayed 4 to 6 days later. Visual obser- 
vations of the effects of these treatments on the plants 
indicated that high Fe treatments indeed prevented 
the severe symptoms of Mn toxicity that were ob- 
served at lower Fe levels. Manganese deficiency 
symptoms, however, were not visually influenced by 
levels of Fe in the media. This disagreement with the 
report of Somers and Shive (6) may be accounted for 
by the fact that Mn-deficiency symptoms were already 
apparent in those cultures that did not receive Mn 
before the two high levels of Fe were added. Also 
this experiment did not include Mn levels that re- 
sulted in incipient deficiencies as was the case with the 
experiments of Somers and Shive. 

The isocitric dehydrogenase activity of leaves or 
roots and the “malice” enzyme activity of leaves from 
Mn-toxie plants with either deficient or normal Fe 
levels was greatly increased as compared with normal 
plants (table II). The increased enzyme activities 
associated with excessive Mn were nearly prevented if 
high levels of Fe (15 or 25 ppm) were added to cul- 
tures at the same time the high level of Mn was ap- 
plied. The interaction of Fe and Mn as measured by 
“malic” enzyme activity of root extracts however 
showed an entirely different pattern. In this case Mn 
toxicity tended to reduce “malic” enzyme activity and 
high concentrations of Fe caused striking increases 
in it. 

Other experiments were conducted to determine 
whether or not Fe was specific in its capacity to pre- 
vent increased enzyme activities of extracts of plants 
grown with excessive Mn. Studies were also made to 
test factors capable of decreasing the increased iso- 
citric dehydrogenase and “malic” enzyme activities 
caused by previous Mn-toxic culture treatments. The 
influence of excessive Fe, Al, Cu, Mo, and Co on en- 
zyme activities was also tested. In these experiments 
(table III) initial treatments were applied for 4 days 
following the emergence of the second set of trifoliate 
leaves. The culture solutions were then changed and 
various other treatments, referred to as “subsequent,” 


TABLE III 


Errect oF Meta TOxXIcITIESs ON ENZYME ACTIVITIES 








“Matic” 
ENZYME 


TsociTrRIc 


CULTURE TREATMENT * : ‘ 
DEH YDROGEN ASE 








INITIAL SUBSEQUENT Lear Roor Lear Roor 





ppm units per mg protein ** 


Normal Normal 47 190 144 
Normal 86 226 176 
8 Mn 120 275 188 
8 Mn 137 317 165 
20 Fe 44 174 
20 Fe 61 179 
8 Mn+20 Fe 66 162 
8 Mn+20 Fe 81 184 
20 Al 56 197 
20 Al 59 192 
8 Mn+20 Al 73 189 
8 Mn+20 Al 90 228 
1 Cu 53 176 
8 Mn+1 Cu 142 294 ee a 
20 Mo 58 231 157 
Normal 5 Co 135 256 215 


LSDoseey 31 28 46 
* Initial treatments were applied for 4 days after the 
appearance of the second set of trifoliate leaves. Subse- 
quent treatments were then applied for 4 days and the 
plants assayed. 
** Values are means of 2 experiments except the last 
4 treatments which are means of 1. 


Normal 
8 Mn 
Normal 
8 Mn 
Normal 
8 Mn 


Normal 





were applied for the following 4 days, then enzyme 
assays were made. 

Again extracts of leaves and roots of plants grown 
with toxic levels of Mn showed an increased isocitric 
dehydrogenase activity. “Malic” enzyme activity was 
also abnormally high in leaves of Mn-toxic plants but 
was not greatly elevated in roots of plants receiving 
this treatment. The increased enzyme activities due 
to excessive Mn were decreased to near-normal by 
transferring Mn-toxic plants to solutions containing 
high concentrations of either Fe or Al with a normal 
level of Mn. The increased enzyme activities also 
were prevented if high concentrations of Fe or Al 
were added at the same time that the toxic level of 
Mn was applied. High concentrations of both Fe and 
Al with normal levels of Mn caused large increases of 
“malie” enzyme activity of root extracts but had no 
effect on isocitric dehydrogenase activity of them. 
The enzyme activities were not greatly affected by 
toxic levels of Mo or Cu. Excessive Co markedly 
increased isocitric dehydrogenase and “malic” enzyme 
activities of root and leaf extracts. 

In Virro METAL INHIBITION OF ENZYME ACTIVI- 
TIES: In all experiments conducted it was observed 
that both roots and leaves of plants grown with an 
excessive level of Mn in cultures were high in isocitric 
dehydrogenase and that leaves grown under these con- 
ditions were high in “malic” enzyme. The addition 
of high concentrations of Fe or Al to normal cultures 
did not significantly decrease enzyme activities. On 
the other hand, additions of Fe or Al to cultures re- 
ceiving excessive Mn reduced or nearly prevented the 
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appearance of abnormal increases of isocitrie dehydro- 
genase in roots and leaves and “malic” enzyme in 
leaves. In an effort to better understand the in vivo 
interaction of Mn versus Fe and Al an in vitro experi- 
ment was designed to study the possible inhibitory 
action of certain metals including Fe and Al on these 
enzymes. It has been reported that 5x 10° M Cu** 
inhibited by 50% the isocitric dehydrogenase from 
pig heart (9). 

A concentration of 2x 10+ M Al*** or Fe*** added 
to the standard assay inhibited isocitric dehydrogen- 
ase 36 and 48 %, respectively, whereas 6.7 x 104 M 
Cu** only inhibited it 27 %. A Lineweaver-Burk plot 
of the inhibition of isocitric dehydrogenase by these 
metal ions with respect to Mn** concentration is pre- 
sented in figure 1A. The ions tended to exhibit a 
noncompetitive type of inhibition with respect to 
Mn**. The inhibition was not 100 % noncompetitive 
as evidenced by the failure of the lines to intersect at 
a common point when extrapolated to the abscissa 
(6). The Fe and Al ions were also found to exhibit 
a noncompetitive type of inhibition with respect to 
isocitrate and TPN* (data not presented). These 
metals apparently do not competitively compete with 
Mn”, to any great extent, for its reaction site nor do 
they act by forming less active isocitrate or TPN* 
complexes. As shown in figure 1B the “malic” en- 
zyme also was noncompetitively inhibited by Fe*** and 
Al’**, but the inhibition was not as strong as that with 
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Fig. 1. Lineweaver-Burk plot of the inhibition of 
(A) isocitric dehydrogenase activity by Fe***, Al***, and 
Cu** and (B) “malic” enzyme activity by Fe*** and Al***. 


isocitric dehydrogenase. The inhibitory effect of Fe* 
could not be studied since it was rapidly oxidized to 
Fe*** as characterized by absorption spectra studies. 

Errect or Lactic DEHYDROGENASE ACTIVITY ON 
“MALic” ENZYME Assays: Effects of mineral element 
culture treatment on lactic dehydrogenase activity) 
could influence the results of the “malic” enzyme 
assay since the products of the “malic” reaction (py- 
ruvate and TPNH) lead to the regeneration of TPN’ 
by lactic dehydrogenase. A test for lactic dehydro- 
genase activity of leaf and root extracts of plants 
grown in cultures that were Mn-deficient, normal, or 
toxic with either Mn, Fe, Cu, Al, Mo, or Co indicated 
that crude bean extracts contained no measurable 
TPNH-lactic dehydrogenase activity using the assay 
described above. Appreciable lactic dehydrogenase 
activity was observed, however, when a quantity of 
DPNH sufficient to saturate the enzyme was included. 

Discussion 

Extracts from either normal or Mn-deficient plants 
showed little isocitrie dehydrogenase or “malic” en- 
zyme activity unless Mn** was added in the assay. 
A possible explanation for the low activity without 
added Mn** may be associated with the large dilution 
of extracts during preparation and assay. The solu- 
ble material of fresh roots was diluted 120-fold and 
that of leaves 240-fold in the assay media. Tissues of 
normal plants presumably contained sufficient Mn** 
for enzyme activities in vivo but insufficient amounts 
to activate these enzymes after dilution in the in vitro 
assays. 

The results indicating a Mn** requirement for the 
isocitric dehydrogenase reaction differ from those re- 
ported by Ochoa (14) who found that extracts of an 
acetone powder of pig heart catalyzed a relatively 
rapid initial oxidation of isocitrate in the absence of 
Mn** before an equilibrium was approached. This 
was interpreted as indicating that Mn** was not re- 
quired for the conversion of isocitrate to oxalosucci- 
nate but was required in the decarboxylation of oxalo- 
succinate to alpha-ketoglutarate and CO,. If the 
equilibrium of the dehydrogenation reaction is toward 
oxalosuccinate as reported by Ochoa (14) and as re- 
calculated by Burton and Krebs (3), one would expect 
that a considerable amount of dehydrogenation would 
take place in the absence of Mn** before an equi- 
librium was reached with oxalosuccinate. Since iso- 
citric dehydrogenase of bean extracts was practically 
inactive without added Mn‘ it is possible that Mn** 
was required for the dehydrogenation step, as well as 
the decarboxylation step. Perhaps a more reasonable 
explanation is that the extracts catalyzed a one-step 
oxidative decarboxylation of isocitrate and that no 
free oxalosuccinate was formed. If the latter mecha- 
nism is correct then the oxidative decarboxylation of 
isocitrate is analogous to the “malic” enzyme reaction 
(15). 

Since extracts of Mn-deficient plants contained as 
much isocitric dehydrogenase and “malic” enzyme as 
those of normal plants it appears that Mn deficiency 
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had no specific effect on the synthesis of the protein 
moieties of these enzymes. Under the condition of 
Mn toxicity on the other hand large increases of en- 
zyme activities were observed with or without the 
addition of Mn** to the assay mixture. Apparently 
an increased synthesis of both isocitric dehydrogenase 
and “malice” enzyme was induced by excessive Mn in 
culture solution. 

An inereased isocitric dehydrogenase activity of 
root and leaf tissues and an increased “malic” enzyme 
activity of leaves was associated with excessive Mn in 
culture solution. The addition of high concentrations 
of Fe or Al either with the toxic level of Mn or after 
the addition of excessive Mn resulted in enzyme activi- 
ties in the same range of magnitude as those of nor- 
mal tissues. It may be assumed that the high enzyme 
activity associated with Mn toxicity was evidence of 
some metabolic unbalance resulting from excesses of 
this element. Apparently large amounts of Fe or Al 
applied to Mn-toxie cultures either reduced the syn- 
thesis of “malic” and isocitric dehydrogenase or inacti- 
vated these enzymes after they were formed. The 
inhibition experiments indicated that Fe*** and Al*** 
do not compete with Mn** for the same active sites on 
the enzyme surfaces but instead inactivate the en- 
zymes by combining with them at some other site. 

The antagonism of the increased isocitric dehydro- 
genase activity of Mn-toxic leaf and root tissues by 
large amount of Fe in culture solutions complements 
the well known Fe-Mn relationship on growth (16). 


The similar antagonistic effect of these metals on the 
“malic” enzyme activity of leaves would likewise help 


explain the Fe-Mn interaction. The effect of exces- 
sive Mn or Fe on “malic” enzyme in roots was almost 
completely opposite to the trend observed with this 
enzyme in leaves. Although these effects of Fe and 
Mn also were antagonistic, they make the interpreta- 
tion of the mechanism of action of these metals on 
enzyme constitution difficult. 


SUMMARY 


Tissue extracts from Mn-deficient or normal plants 
catalyzed very little dehydrogenation of isocitrate or 
malate unless Mn** was added to the assay reaction 
mixture. Extracts of Mn-toxic plants, however, 
showed considerable dehydrogenase activities without 
exogenous Mn**. 

When assayed with Mn‘ in the reaction mixture, 
Mn-deficient tissues were found to contain as much 
isocitrie dehydrogenase and “malic” enzyme as the 
tissues of normal plants. Leaf and root extracts of 
Mn-toxie plants showed a 2- to 3-fold increased iso- 
citric dehydrogenase activity. This increased activity 
was decreased to near-normal by adding high concen- 
trations of Fe or Al to culture solutions of Mn-toxic 
plants or was nearly prevented if large amounts of Fe 
or Al were added at the same time as the toxic con- 
centration of Mn was applied. 

Metal ions affected the “malic” enzyme activity of 
leaves in the same way as they affected isocitric de- 
hydrogenase activities of leaves and roots; however, 


an almost reverse relationship of the metals on “malic” 
enzyme activity of root extracts was found. The 
effect of some other metal toxicities and deficiencies 
on the activities of these enzymes is reported. 

With respect to Mn”, isocitric dehydrogenase and 
“malic” enzyme activities were noncompetitively in- 
hibited by low concentrations of Fe*** and Al*** and 
by higher amounts of Cu**. The inhibition was 
mainly of a noncompetitive nature but showed some 
tendency to influence the dissociation of the enzyme- 
Mn** complex. 

The relationship of metal ion culture level to iso- 
citric dehydrogenase and “malic” enzyme constitution 
is discussed in connection with the Fe-Mn interaction 
on growth. 
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THE ABSORPTION AND TRANSLOCATION OF SULFUR 
IN RED KIDNEY BEAN?23 


O. BIDDULPH, R. CORY anp S. BIDDULPH 
DEPARTMENT OF Botany, State CoLtece or WASHINGTON, PULLMAN, WASHINGTON 


The principal objective of this study is to deter- 
mine the characteristics of translocation and the ulti- 
mate partition of sulfur between the various parts of 
Red Kidney bean plants. The methods employed are 
those of geographic tracing by means of radioactive 
sulfur. Data are presented on the following points: 
1) the effect of nutrient sulfur content on dry matter 
yield and on sulfur concentration within organs; 2) 


the effect of pH on sulfur absorption; 3) the exchange 
of sulfur between various organs; 4) the rate of down- 
ward translocation of sulfur in stems. 

The justification for such a study lies in the fact 
that only a few papers bearing on the translocation 


of sulfur have appeared. Rippel (13) states that in 
various deciduous trees there is no migration of sulfur 
from regions of storage to new tissues as growth be- 
gins in the spring. He classes sulfur with calcium, as 
a “stabile elemente.” Marsh (9) also states that sul- 
fur resembles calcium in that it is not mobilized to 
any great extent. Little was withdrawn from leaves 
of the apple prior to leaf fall. Wood and Barrien 
(22) found that during sulfur starvation protein sul- 
fur decreased and SO, sulfur increased in grass leaves 
held in darkness. Sulfate was not translocated to 
stems and roots as were the amino acids. Wood (19) 
concludes that in fully matured plants sulfate is rela- 
tively immobile in leaves. 

In the work of Thomas et al (16), using radio- 
active sulfur, there is presented definite evidence that 
sulfur is conducted from one region to another as it is 
needed for growth, being conducted as the sulfate ion. 
They have also shown (17) that sulfate absorbed 
through leaves of alfalfa plants can be translocated to 
the crowns and then into untreated stems. 


1 Received August 4, 1955. 

2 The radioisotopes were acquired from U. 8S. Atomic 
Energy Commission, Oak Ridge, Tennessee. 

3 This investigation was carried out under U. S. 
Atomic Energy Commission, Division of Biology and 
Medicine, Contract No. AT(45-1)-213. 


The data presented herein add specifically to the 
information on the translocation and partition of sul- 
fur between the various plant parts during the early 
phases of growth. 


MEeETHOpsS 


Red Kidney bean (commercial stock) served as 
experimental material. The plants were grown in a 
Hoagland type nutrient solution as follows: Ca(NOs)z, 
0.0025 M; KNOs, 0.0025M; KH.PO,, 0.0005 M; 
MgSO, or MgCl, to give both 0.0010 M Mg and vary- 
ing amounts of sulfate sulfur, and micronutrients 
according to Arnon (1). Growth conditions were as 
follows: temp 23° + 1°C; R.H. 60% + 2.5 %; light, 
artificial at 1000 to 1200 fe (2 daylight plus 10 soft 
white fluorescent tubes); aeration through sintered 
glass; and hydrogen ion concentrations maintained 
at approximately pH 6. No significant variation in 
absorption, transiocation and partition of sulfur was 
observed over the pH range of 4 to 7. The least pH 
drift occurred at 6. 

The total sulfur was determined for roots, stems 
including the hypocotyl and petioles, primary leaves, 
and trifoliate leaves (both less petioles). The com- 
posited similar parts of six plants, all grown in the 
same tank, constituted the samples. Each experi- 
ment, except the one represented in figure 1D was 
replicated at least once. Duplicate determinations 
were made when sample size permitted. 

In order to render the sulfur of seed origin dis- 
tinguishable from sulfur of nutrient solution origin 
after absorption by the plant, S*5 was added to the 
nutrient sulfur. This will be referred to as labeeld 
sulfur, or indicated by S*. Prior to use the number 
of disintegrations per minute per 15 mgs of BaS*O, 
from the nutrient solution was determined. This value 
is designated by “a.” At the termination of the 
growth period, during which time the labeled sulfur 
was being absorbed by the plants and diluted with 
seed sulfur already present, 15 mgs of the BaS*O, 
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derived from each plant sample was analyzed for $%5. 
This value in disintegrations per minute per 15 mgs 
BaS*O, was corrected for decay during the experi- 
ment and the value designated by “b.” Then since 


“9” represents the original S*5 per unit of total sulfur 
and “b” the final S®® per unit of total sulfur, the per- 
centage composition of nutrient sulfur in each plant 
part is b/ax 100. The total labeled sulfur and the 
total sulfur in each part was determined from the 
vield of BaSO, from each part. Oxidation of the sam- 
ples was accomplished in an oxygen bomb. 


RESULTS 

Tue EFrect oF NUTRIENT SULFUR CONTENT AND 
or PH on Dry Matrer YIELD AND SULFUR CONCEN- 
TraTION: The plants grown with no nutrient sulfur, 
ie., only seed sulfur, showed severe signs of sulfur 
deficiency, the most pronounced of which were a 
marked reduction in growth of trifoliate leaves with 
yellowing and necrotic spotting. The roots remained 
quite normal in appearance. A comparison of the dry 
matter vield of plants grown at several nutrient sul- 
fur levels is made in figure 1A. Sulfur, it can be 
seen, was not limiting at nutrient concentrations of 
0.125 millimolar, or above, under the conditions of 
these experiments, when one liter of nutrient solution 
per plant was renewed each four days. At concentra- 
tions above this value absorption was essentially inde- 
pendent of concentration. The uniformity in the dry 
matter vield of each part between the nutrient sulfur 
concentrations of 0.125 and 1.0 millimolar indicates 
that 0.03 millimoles of sulfur per plant per day is 
adequate during the initial 12 days of growth. 

There was observed a lack of uniformity in the 
growth response of the primary leaves which was 
considered to have more to do with the degree of in- 
jury suffered during the shedding of the seed coat 
than with the nutrient treatments. The extent of 
injury could not always be ascertained at the time the 
seedlings were selected for further use. 

The amount of sulfur contained in each plant part 
at harvest time is shown in figure 1B. There was a 
slight tendency for the sulfur content of the roots to 
increase with increasing amounts of nutrient sulfur so 
that on a concentration basis, i.e., mg S/gm dry mat- 
ter (fig 1C), it seems justifiable to conclude that a 
slightly ascending relationship existed. This could be 
due to retention of nutrient solution on the root sur- 
faces. Roots and trifoliate leaves were higher in sul- 
fur concentrations than stems and primary leaves. 
However, the roots did not adsorb sulfur as phos- 
phorus and iron are sometimes adsorbed (Rediske and 
and Biddulph, 12). 

There was very little variation in dry matter yield 
or in sulfur content of the plants as a whole, or of 
their constituent parts, when grown at pH values 
ranging from 4 to 7. Two replications of six plants 
per unit served as the basis for this statement. These 
plants were grown in the greenhouse, which was not 
subjected to as close a temperature, light, or humidity 


control as was the case for the plants represented in 
figure 1. 

The percentage of the total tissue sulfur which was 
derived from each of the two sources, i.e., the seed and 
the nutrient solution, is shown for each plant part in 
figure 1 D. 

The incoming sulfur of nutrient origin, which was 
marked with S*5, becomes diluted with sulfur of seed 
origin which had been deposited before the nutrient 
sulfur was made available. The time chosen for be- 
ginning the administration of the nutrient sulfur cor- 
responded to the stage of development at which the 
hypocotyl had straightened, the primary leaves were 
well expanded and the root system fairly well formed. 
From this time onward growth was more rapid in the 
root, stem, and especially the trifoliate leaves. At the 
time of harvest the sulfur of nutrient origin in the 
various parts was approximately as follows: primary 
leaves 50%, stems 66%, roots 75% and trifoliate 
leaves 82%. Sulfur of seed origin, of course, made 
up the remainder (fig 1 D). 

At the lowest nutrient suifur levels the roots re- 
tained relatively more seed sulfur than at the higher 
levels. It is also true that the roots of those plants 
grown on seed sulfur only were heavier than those 
grown with additions of nutrient sulfur (fig 1A). To 
make doubly sure of this point this part of the experi- 
ment was repeated with similar results being obtained. 
The trifoliate leaves of these plants were very limited 
in size and number and manifest severe sulfur defi- 
ciency symptoms. This is all indicative of the ability 
of the root to acquire seed sulfur early and retain it 
from the developing trifoliate leaves even to their 
death from sulfur deficiency. A corresponding amount 
of organic seed reserves was also acquired and re- 
tained to facilitate the root extension characteristic of 
this metabolic condition. It is necessary to assume 
some mechanism operating within the tissue systems 
which ensures the development of the root system, 
even at the expense of the aerial parts, when sulfur is 
a limiting factor. 

From these results it is apparent that sulfur of seed 
and nutrient solution origin will not become uniformly 
distributed throughout the plant. The rate of turn- 
over of sulfur compounds within tissues is too low, as 
is shown by the fact that after 12 days with the 
marked sulfur available to the root the primary leaves 
have fallen to only 50 % seed sulfur while the newly 
developed trifoliate leaves have risen to only 18% 
seed sulfur. A time sequence study would be required 
to fully establish a turnover rate. 

The extent of movement of labeled sulfur, acquired 
at an earlier period, into current growth made during 
a time when no labeled sulfur was available, can be 
seen by comparing the autoradiographs A and B of 
figure 2. Figure 2 A shows the distribution of S*5 in 
the plant after the roots had been immersed in a 
nutrient solution containing the radioisotope for four 
days (from the fourth to the eighth day after the 
hypocotyl became erect). Figure 2B shows a plant 
treated similarly but allowed four additional days of 





PLANT PHYSIOLOGY 


rt.8 


Whole pliant 





Oo 
a 
i 


° 
> 


°o 
w 
4 





Ory matter in groms/plant part 


° 
~ 
rn 





A125 250 














. 
s 
b 
= 
° 
E 
~ 
s 
3 
E 
3 
2 
2 
- 
3 
= 
> 
n 
a 
eo 
€ 








125 .250 .500 1.00 
millimols Sulfur in nutrient sol. 


lant part 
2 





n 


fo 
1 


Total Sulfur in mgs/pl 


° 
@ 

















w 
°o 
i 


N 
° 
i 





Seed S as % of total S 


5 
; 











125 250 500 1.00 
millimols Sulfur in nutrient sol. 


Fic. 1. A. The dry matter yield of separate plant parts, shown on the left ordinate, and of the whole plant, 
shown on the right ordinate, as affected by the varying nutrient sulfur concentrations shown on the abscissa. 

B. The total sulfur content of separate plant parts, shown on the left ordinate, and of the whole plant, shown 
on the right ordinate, as affected by the varying nutrient sulfur concentrations shown on the abscissa. 

C. The sulfur concentration (mg S/gm dry matter) of separate plant parts as affected by the varying nutrient 


sulfur concentrations shown on the abscissa. 


D. The percentage of sulfur of seed origin, and conversely the percentage of sulfur of nutrient solution origin, 
in separate plant parts as affected by the nutrient sulfur concentrations shown on the abscissa. 


growth in a nutrient solution containing no radio- 
active sulfur. A comparison of A and B (fig 2) shows 
that labeled sulfur from the root and older leaves 
moves into the young leaves which expand during the 
period when no labeled sulfur is available to the root. 
Since the bean root does not adsorb large amounts of 
sulfur it is evident that the S*5 found in the youngest 
leaves must have been translocated from other parts 
within the plant. 

The nutrient solutions employed for the whole 


period were of the Hoagland type mentioned earlier; 
so no abnormal nutritional conditions existed during 
any part of the experimental period. The plants were 
also grown under the controlled conditions listed 
earlier. One gets the impression from these auto- 
radiographs that a part of the nutrient sulfur, after 
its absorption, remains mobile and circulates rather 
freely within the plant. Of the mobile fraction being 
moved upward by the xylem a portion will be 
trapped in organic synthesis, particularly in young 
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leaves and stem tips, while a significant portion of 
that normally received by mature leaves may be free 
to circulate. In this manner the younger leaves and 
the buds may be continuously supplied with sulfur, 
whereas under conditions of scant supply to the roots 
the older tissues may become deficient. This is in 
keeping with our observations that the older trifoliate 
leaves are the first to show sulfur deficiency under 
limited sulfur nutrition. Sulfur, in the bean, behaves 
like phosphorus (2) in the sequence of development 
of visual deficiency symptoms on leaves of different 
ages and positions. This is similar to the sequence in 
tomato (11), but contrary to that for soybean (4), 
black mustard (6), tea (15) and tobacco (10). Sun- 
flower showed no gradation (5). 

THE DOWNWARD TRANSLOCATION OF SULFUR IN 
THE Stem: A more direct method for determining the 
mobility of sulfur within the bean plant was used to 
supplement the work above. This method made pos- 
sible the determination of the rate of downward move- 
ment of sulfur in the stem, and furnished as well 
some information on the distribution pattern of the 
mobile sulfur in the stem. 

Twelve-day-old plants, grown as above, were used. 
The S*° was introduced into the leaf either by the 
leaf flap method as described earlier (Biddulph, 2) or 
by spraying the material directly onto the surface of 
the leaf. The S*5 was carrier free and was adjusted 
to a pH of 4 prior to use. It assayed approximately 
1 me/ml and 50 microliters of solution were used per 
treatment. The treatments were begun at 2 P.M. and 
the migration period terminated 30 or 60 minutes 
later when the roots and the tops above the point of 
insertion of the first trifoliate leaf (the treated leaf) 


were simultaneously cut off. Each of the included 
stems was then divided into one-inch sections for indi- 
vidual S*5 assays using a wet digestion procedure. In 
two of the trials the solution to be injected contained 
sucrose at a concentration of 2.6%. This was to de- 
termine the possible effect of an enhanced sugar sup- 
ply in the leaf on accelerating the translocation of 
sulfur. There was no appreciable influence manifest 
when sucrose was applied by this method. Higher 
sugar concentrations were tried but they invariably 
lowered the amount of the radioisotope which entered 
the leaf, and caused wilting in the vicinity of the leaf 
flap. When the petiole of the leaf was steamed just 
prior to the S*5 application no movement of S** oc- 
curred from the leaf. The results of the experimental 
work for this section are shown in table I. 

During the thirty minute migration period the S*5 
had moved from the leaf into the root, the crown of 
which was 8 inches below the pulvinus of the treated 
leaflet. In two of the four cases reported on in table 
I this amounted to a rate of movement well in excess 
of 40 em/hr. The lowermost section showed a rela- 
tively high activity, indicating that the front of the 
marked S*> had entered the root sometime earlier. 

Figure 2C is an autoradiograph of a bean plant 
treated as above (S*5 supplied to a leaflet) except 
that a 24-hour migration period was allowed. It is 
evident that the S?5 has moved throughout the whole 
plant. As a result of a rather extensive experiment 
it was found that such nutritional factors as high 
or low sulfur levels, i.e., 0.0010 and 0.00001 M, high 
and low ealcium levels, i.e., 0.0050 and 0.0005 M, and 
the pH values of 4 and 7, in all possible combinations 
did not significantly alter the rate, amount or pattern 
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isted Fic. 2. A. S®* autoradiograph of a bean plant receiving 8.2 uc S*/liter of nutrient solution (at pH 6) during 
uto- the four days prior to harvest. Exposure period 90 days, to Eastman no-screen x-ray film. 

after B. S* autoradiograph of a bean plant treated as in A but allowed four additional days of growth while no tracer 
ther | was present in the nutrient medium. Exposure 90 days, to Eastman no-screen x-ray film. 

eing C. S* autoradiograph of a bean plant, the lowermost trifoliate leaf of which had been treated with 28.1 ye of 
| be S*/50 ul of solution at a pH of 4. The treated leaflet is indicated by an arrow. A migration period of 24 hours was 
oung allowed and the exposure time was 60 days, to Eastman no-screen x-ray film. 
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TABLE [| 


Turee EXPERIMENTS TO SHOW THE DISTRIBUTION oF S* 
IN THE BEAN STEM BELOW THE NODE 
OF THE TREATED LEAF 








Expt 2 


LEAF 
INJECTION 


Expt 1 


, LEAF INJECTION 
STEM 


SECTION 





g* PETIOLE : 
STEAMED, S* 
s* 


S*+ s* 


SUCROSE SUCROSE 





30,650 
12,640 
6,780 
4,520 
1,917 


34,750 
16,900 


0 9,150 
0 
9.800 0 
0 
0 


2,378 


6,430 
1,240 
862 513 
484 389 

92 trace 


210,000 
146,400 
100,000 
55,800 
44,500 


5,910 
2,000 





The concentration of the S® used for treatment 
varied between experiments but not within them. All 
solutions were at pH 6. Sucrose, when used, was 2.5 %. 
Solutions were applied to the lowest trifoliate leaf. 
Sprayed areas were 1 inch in diameter and on the lower 
surface. Migration periods: Experiments 1 and 2—30 
min, experiment 3—60 min. Data are in counts per min 
(cpm) per one-inch section, except for the #5 sections 
which varied in length from 1 to 1.5 inches. Section 1 is 
nearest the treated leaf. The data are for single plants. 


of S85 movement. By contrast the movement of iron 
can be profoundly influenced by phosphorus nutrition 
levels, when introduced by the same method (Rediske 
and Biddulph, 12). 


DISCUSSION 


Under the growth conditions imposed upon the 
plants herein studied, the dry matter yield failed to 
increase as the plants were subjected to nutrient sul- 
fur concentrations beyond 0.125 millimolar. Thus the 
Red Kidney bean behaves very differently from the 
cotton plants reported on by Ergle and Eaton (8). 
They found increasing yields as the nutrient sulfur 
concentration was raised from zero to two millimolar, 
but the rate of increase was considerably reduced be- 
pond the nutrient concentration of 0.50 millimolar as 
though a plateau were being approached. 

In the kidney bean sulfur absorption was inde- 
pendent of nutrient sulfur concentration between the 
ranges of 0.125 and 1.0 millimolar. This again is in 
contrast to the cotton plants described above wherein 
sulfur absorption was shown to be quite strictly a 
function of nutrient sulfur concentration to the limit 
studied, namely, 2.0 millimolar. 

One additional point of contrast between the kid- 
ney bean and cotton was found when comparing the 
sulfur concentration of tissues. In cotton the percent- 
age of sulfur in leaves and stalks increases with in- 
creasing nutrient sulfur concentration to an extent 
which led Ergle and Eaton (8) to remark that “the 
tendency for the cotton plant to accumulate sulfate 
in its leaf cells (but not in stem cells) seems quite 
remarkable.” In the bean the concentration of sulfur 
did not increase in any tissue, with the possible excep- 
tion of the roots, in nutrient sulfur concentrations 


above 0.125 millimolar. This strict proportionality 
between sulfur and dry matter yield seems worthy of 
special mention. 

A very interesting relationship among the various 
parts of the plant is shown in the competition among 
them for the sulfur contained in the seed. The first 
export is downward from the cotyledons through the 
hypocotyl to the developing root system, then upward 
to the primary leaves. The further development of 
the epicotyl is somewhat delayed, and the root will 
release a portion of its sulfur of seed origin to it only 
when sulfur from the root environment becomes avail- 
able. The aerial parts, particularly the trifoliate 
leaves, gain an amount corresponding to the loss by 
the root. The consumption of the seed sulfur by root 
and primary leaves results in the upper part of the 
epicotyl being particularly low in this material as ex- 
tensive tissue elaboration begins; so sulfur deficiency 
symptoms develop early in these upper parts. The 
seed sulfur within the root cells is held tenaciously 
and little is re-exported until such time as sulfur be- 
comes available by absorption from the root environ- 
ment. This incoming sulfur presumably allows a 
limited amount of turnover of sulfur compounds of 
seed origin which are retained by the root under con- 
ditions of sulfur deficiency. Eaton’s data (4, 5, 6) led 
him to conclude that there was little evidence of pro- 
tein breakdown and reutilization of sulfur under con- 
ditions of sulfur starvation in soybean, sunflower and 
black mustard. Apparently the protein bound sulfur 
is comparatively stable and not subject to extensive 
turnover. The conditions under which breakdown of 
sulfur containing proteins occur have been investi- 
gated by Wood and Barrien (20, 21, 22). 

The normal activities of a rapidly growing bean 
plant under conditions of at least a moderate level of 
sulfur nutrition include an export of sulfur from the 
lower mature leaves to the root. As the transpiration 
stream delivers the sulfur to the leaves, there occurs 
a continuous though somewhat limited circulation of 
sulfur within the plant. In this way the concentra- 
tion of sulfur in the leaves is maintained relatively 
constant and excesses, such as were reported by Ergle 
and Eaton (8) for cotton do not occur. Export from 
immature leaves is extremely low or nonexistent, as 
that which is acquired from the root, or by external 
application, is used locally in tissue elaborations. 

As to the amount of sulfur normally translocated 
in beans it is greater than the translocation of cal- 
cium, which is nil, and iron, which is significant but 
dependent on certain nutritional factors (12) and 
compares favorably with phosphorus translocation, 
which is appreciable (2). Sulfur is freely mobile 
under a wide variety of nutrient conditions. When 
aplied to a bean leaf, either by injection or by spray 
application, it can be detected in all parts of the plant 
within thirty minutes. The amount translocated is 
adequate to supply at least a significant portion of 
the needs of the various tissues. In short, it would 
appear that sulfur could be at least as effectively uti- 
lized from foliar applications as is phosphorus (7, 14). 
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This means that foliar application could adequately 
supplement soil absorbed sulfur, especially where soil 
sulfur is limiting. 

The rate of downward translocation of sulfur, shown 
to take place in the phloem (3), compares favorably 
with our values for P32, C'4 labeled sucrose, Fe®> and 
THO (tritiated water), each of which appears to be 
subject to some variation. However, this variation in 
rate is much less than the variation in the amounts of 
the different elements being translocated. The concen- 
tration of the mobile fraction in the stem is logarithmic 
with respect to distance traveled and is the same as 
would be expected if movement were by a diffusion 
process. The same distribution pattern has been found 
for mobile sulfur, phosrphorus, sucrose, iron, zine and 
water, but the probable significance of these data can- 
not be discussed from the sulfur data alone. The 
resemblance of the distribution pattern to that which 
would be expected of a diffusion process is not, in it- 
self, sufficient evidence to rule out any of the other 
theories of movement. 


SUMMARY 


The data show 1) that there is a rather constant 
relationship between dry matter yield and sulfur con- 
tent of each plant part throughout the nutrient range 
of 0.125 and 1.0 millimolar sulfur, 2) that trifoliate 
leaves and roots are richer in sulfur than stems and 
primary leaves, 3) that pH has little effect on sulfur 
uptake, 4) that a portion of the total sulfur within 
the plant remains mobile and moves freely from one 
organ to another, 5) that a portion of the seed sulfur 
originally translocated to the roots is released for up- 
ward translocation only when sulfur enters the plant 
from the root environment, and 6) that the rate of 
downward movement of sulfur in the phloem of the 
stem is similar to that for phosphorus and sucrose and 
exceeds 40 em/hr. 
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In studying the effect of 2,4-D treatment on the 
chemical composition of bean plants, Sell et al (7) 
reported that the stem of 2,4-D treated plants con- 
tained almost twice as much crude protein as do stems 
of control plants. Later, Weller et al (9) found that 
2,4-D treatment caused a slight decrease in crude 
leaf protein while the crude root protein remained ap- 
proximately the same. The amino acid composition 
in the crude protein from 2,4-D treated stems were 
different from those of the control plants. A small 
difference was noted in the leaf and root proteins. 
These data suggested to the authors that a change 
had occurred in the character of the protein. Using 
potato tubers, Payne et al (5) found that 2,4-D 
caused an increase in free glutamic acid and a de- 
crease in eleven amino acids including aspartic acid. 
The decrease was explained as an increased catabo- 
lism of the free amino acids. In a preliminary in- 
vestigation on the effects of 2,4-D 2,4,5-T and in- 
doleacetic acid treatment, we have found that the 
amounts of total aspartic and glutamic acids de- 
creased in both the stems and roots of 2,4-D and 
2.4,5-T treated plants, with the greatest change oc- 
curring in the stems. Two possible explanations may 
be given: 1) the 2,4-D treatment might inhibit the 
synthesis of these amino acids or 2) this treatment 
might ‘increase the rate of oxidation of the amino 
acids. 

In order to clarify this point, the present investi- 
gation, using carbon 14 as a tracer to study the rates 
of synthesis of both glutamic acid and aspartic acid 
in 2,4-D treated and. control plants was carried out. 


MATERIALS AND METHODS 


TREATMENT OF PLANTS: Bean plants (Phaseolus 
vulgaris var. Black Valentine) were grown in potted 
soil, four plants to a pot, under greenhouse condi- 
tions. The plants were allowed to grow until the 
primary leaves were fully unfolded and the second 
internode well defined. At this time three uniform 
pots were chosen and two plants in each pot were 
treated on the midrib of one primary leaf with 50 
pgm of 2,4-D dissolved in an ethanol solution con- 
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taining 0.1 % of the free 2,4-D acid and 0.5 % Tween- 
20. The other two plants in each pot were left un- 
treated as control plants. 

A closed system was prepared as shown in figure 
1. This system consisted of a bell jar large enough 
to contain one set of four plants, a column of calcium 
chloride to absorb the excess moisture, a generator to 
produce radioactive CO, from BaC!4Oz after the sys- 
tem was sealed, a Geiger-Miiller tube to detect the 
radioactivity, and a pump to circulate the atmosphere. 

One day after treatment, the first set of bean 
plants was placed in the closed system and exposed 
to an atmosphere containing C'4O, for a period of 
12 hours in light and 12 hours in darkness. Two 40- 
watt fluorescent lamps which have a light intensity 
of 200 fe were set 6 inches from the bell jar on op- 
posite sides. The radioactivity readings of the at- 
mosphere were taken periodically in order to check 
the amount of radioactivity absorbed by the plants. 
The second and third sets of bean plants were ex- 
posed to C140, in a similar manner, three days and 
seven days, respectively, after the treatment .with 
2,4-D. The amounts of BaC14Ogz used for these three 
experiments were 4.3 mg, 6.3 mg, and 5.1 mg respec- 
tively (20.6 we/mg). 

After exposure to radioactive COs, the entire 
plants were harvested and dried overnight at 55° C 
in a vacuum oven. The samples were then weighed, 
ground and stored in an evacuated desiccator. 

RADIOACTIVITY MEASUREMENTS: Weighed aliquots 
of each sample were oxidized by dry combustion (2). 
The carbon dioxide was quantitatively absorbed in 
carbonate-free sodium hydroxide solution and pre- 
cipitated as barium carbonate. The radioactivity of 
the barium carbonate samples was measured with a 
thin mica window Geiger-Miiller counter (1.9 mg/ 
em?) attached to a scaler in the usual manner. All 
measurements were corrected to zero thickness. 

After the paper chromatograms were developed 
(see Isolation and Analyses) and dried, the radioac- 
tivity of the amino acids was determined. The paper 
strips were counted at centimeter intervals through 
a one centimeter slit. The Geiger counter was placed 
as close as possible to the strip to increase the count- 
ing efficiency. Several one centimeter sections of the 
paper chromatograms containing various amounts of 
radioactivity were oxidized, and the radioactivity was 
redetermined as barium carbonate. These compari- 
son values were plotted to determine a correction 
curve. Thus the radioactivity found in the paper 
chromatograms could be expressed as BaCOsg activity. 

ISOLATION AND ANALYSES: Weighed amounts of 
each sample (100 mg) were autoclaved with 10 ml of 
2N HCl in sealed tubes for 10 hrs at 15 lbs pres- 
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sure. The excess hydrochloric acid was removed from 
the hydrolysate by repeated addition of water and 
evaporation to dryness in vacuo. The hydrolysate 
was made up to 100 ml and the residue was removed 
by filtering through a dry filter. 

The acidic compounds were separated from the 
neutral and basic compounds by means of ion-ex- 
change columns of Amberlite IR-4B as follows: Sev- 
eral glass columns, 16 mm in diameter, were filled to 
a height of 25 em with resin in the basic form. The 
columns were back washed, charged with 4% NH4,- 
OH, and washed with distilled water until neutral. 

The corresponding pairs of treated and control 
samples were run simultaneously to reduce the errors 
due to differences in operation. An aliquot of each 
solution was allowed to pass through a resin column 
at the rate of approximately 0.5 ml per minute. 
When the last of the solution reached the top of the 
resin bed, the column was washed with distilled water, 
allowing no break in the continuity of the liquid phase. 
This washing was continued until no activity was de- 
tected in the effluent. An excess amount of 4% HCl 
was passed through the column to elute the acidic 
compounds (including aspartic and glutamic acids) 
from the resin. The HCl was again removed from 
the effluent by the method described previously. The 
samples were then diluted to 25 ml. 

The aspartic and glutamic acid were separated by 
means of paper chromatography. Aliquots of the 
solutions were applied quantitatively as spots or lines 
to strips of Whatman #1 filter paper (1” x 22”). 
These strips were developed in aqueous phenol for 18 
hours by the descending front method and were dried 
at room temperature after developing. 


Block diagram of the sealed system used for CO: absorption. 


After the radioactivity of the unknown strips had 
been measured, quantitative determination of the 
amino acids present was made by Block’s method (1) 
using ninhydrin as a color reagent. he relative color 
density was measured with a Photovolt Electronic 
Densitometer, model 525, using a blue filter. The re- 
sults were compared with a standard curve prepared 
in the similar manner from known amounts of amino 
acids. If carefully conducted, accuracies of + 5% 
are readily obtained by this method. 


RESULTS AND DISCUSSION 


4 


Approximately 90 % of the radioactivity was ab- 
sorbed by the bean plants in the first 8 hours of expo- 
sure. The amount of C14 incorporated into each plant 
sample is given in table I. It is interesting to note 
that the 2,4-D treated plants absorbed much less 
radioactive CO. than did the control plants. Further- 
more, this difference in absorption which is shown in 
table I as the ratio of total radioactivity, is relatively 
the same for all three experiments. (T/C =0.615, 
0.622 and 0.615 for Ist, 3rd and 7th day samples 
respectively.) These results, which indicate that 2,4-D 
treatment reduces the rate of photosynthesis, agree 
closely with the work reported by Freeland (3). 

The results of the chemical analyses are given in 
table II. The total aspartic acid and glutamic acid 
content of each plant sample is shown on the left side 
of the table. Since the number of plants in each ex- 
periment was small and the weights of the plant varied 
somewhat, the percentage of amino acids in each sam- 
ple was calculated to obtain comparable values. These 
data are shown on the right side of table IT. 

In the first-day samples, the percentages of both 
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TABLE I 


Errect oF 2,4-D TrEATMENT ON PHOTOSYNTHESIS IN 
BEAN PLANTS AS DETERMINED BY ANALYSES 
or C™ in PLant TISSUE 








Wr or Tora. 
PLANT RADIO- 
SAMPLE, _ ACTIVITY, 


MG cPM x 10° ** 


BaC“Os 
USED, 
MG * 


SPEcIFIC 
ACTIVITY, 
cPM x 10°/Ma 


SAMPLE 





1st Day 

3,817 

6,203 
0.615 


3rd Day 


Treated 893.4 6,419 
Control 879.4 10,312 
T/C 0.622 


7th Day 


4,929 
8,010 5.1 
0.615 


Treated 
Control 
T/C 


864.6 
688.1 


8763 
1079.9 


Treated 
Control 
T/C 





* Specific activity of BaC“Os is 20.6 uc/mg. 
** The activity was measured by a thin mica window 
G-M counter (1.9 mg/cm’). 


amino acids in whole plants were essentially the same 
in both control and treated plants, while in the 3rd 
and 7th day samples a great decrease in these amino 
acids was noted in the 2,4-D treated plants. 

Sell et al (7) and Weller et al (9) have reported 
the effect of 2,4-D treatment on changes in chemical 
composition of the leaves, stems and roots of the red 
kidney bean plants. From their more complete re- 
sults on the analyses of eleven amino acids, they have 
suggested that 2,4-D treatment causes a change in the 
character of the plant protein. These findings of the 
change in aspartic acid and glutamic acid concentra- 
tion agree closely with their results. 

The results of the radioactive analyses are sum- 


TABLE II 


Errect or 2,4-D TREATMENT ON THE AMOUNTS 
or ASPARTIC AND GLUTAMIC ACIDS 
IN BEAN PLANTS 








% AMINO ACID IN 
PLANT TISSUE 


ToTaL AMOUNT IN 
PLANT TISSUE (uGM) 





ASPARTIC 
ACID 


GLUTAMIC 
ACID 


ASPARTIC 
ACID 


GLUTAMIC 
ACID 





| TREATED 
ConTROL 
TREATED 
ConTROL 
TREATED 
ConTROL 





1st Day 

1569 0.421 0.438 
38rd Day 

2351 0.432 0.504 
7th Day 

2952 0.244 0381 


3644 3016 2114 0.245 0.228 


3858 4431 1336 0.150 0.267 


2178 4117 1234 0.141 0.273 


All values are averages of triplicate determination. 





marized in table III. On the left side of the table, 
the total radioactivity of aspartic and glutamic acids 
in each plant sample is shown. Since different amounts 
of radioactive barium carbonate were used in the 
three experiments and since the rate of fixation of the 
radioactivity was greatly reduced in the treated 
plants, the percentage incorporation of C14 into each 
amino acid was calculated. These percentages, as 
shown on the right side of the table, indicate that the 
amounts of C!* incorporated into aspartic and glu- 
tamic acids were approximately 3 to 4 times greater 
in the treated than in the control plants, with the 
most pronounced effect on the third day. It is also 
interesting to note that the incorporation of C1* into 
glutamic acid increased with the age of bean plants 
while a decrease was found in the aspartic acid. 

If the metabolic cycling of C14 was unaffected in 
the treated plants, the amount of radioactivity incor- 


TABLE III 


Errect oF 2,4-D TREATMENT ON THE INCORPORATION 
or C* 1nto ASPARTIC AND GLUTAMIC ACIDS 
IN BEAN PLANntTs 








TOTAL RADIOACTIVITY, 


cPM x 10° Yo INCORPORATION OF C* 








GLUTAMIC 
ACID 


ASPARTIC 
ACID 


GLUTAMIC 
ACID 


ASPARTIC 
ACID 








ON TROL | 


TREATED 
ConTROL 
T/C 


oO 
ha, 
& 


| C 





1st Day 
0.71 0.26 
3rd Day 
0.89 0.21 4.15 
7th Day 

0.27 0.08 3.40 


26.9 16.0 32.5 2.73 085 0.27 3.15 


57.3 22.1 113.8 51.0 1.77 0.50 3.58 


13.4 64 913 573 1.85 0.72 2.59 





All values are averages of triplicate determination. 


porated into the amino acids should indicate the dif- 
ference in the rate of synthesis during the experi- 
mental period. Since 2,4-D treatment increased the 
incorporation of C14 into aspartic and glutamic acids, 
it is logical to conclude that the rate of synthesis of 
these two amino acids had been increased. However, 
the total quantity of these two amino acids was mark- 
edly decreased in the treated plants particularly in 
the third and the seventh day samples. Therefore, 
2,4-D treatment must increase the rate of oxidation 
or catabolism of these amino acids, and this increase 
must exceed the increase in the rate of synthesis. 
Rebstock et al (6) and Freiburg (4) found that 2,4-D 
caused increases in proteinase and polypeptidase ac- 
tivities which lends some support to these findings. 
Carbohydrate and sugar reserves in bean plants 
are readily depleted following 2,4-D treatment, as re- 
ported by several workers (7, 8, 9) and the synthesis 
of aspartic and glutamic acids is increased as indi- 
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cated by this work. It would seem, therefore, that 
during photosynthesis the ordinary reaction from Cz 
to Cy, sugar is greatly inhibited, more carbon dioxide 
enters the Kreb’s cycle through the condensation of 
C., to Cg units, which subsequently increases the syn- 
thesis of amino acids. This increase in the synthesis 
of aspartic and glutamic acids might probably result 
from the normal process of transamination, and the 
decrease in total amounts of these amino acids during 
this seven day period could then be solely due to an 
increased catabolism of the protein. The carbon frag- 
ments from this oxidation might not return for resyn- 
thesis of amino acids as suggested by Payne et al (5) 
in her experiment with potato tubers. In view of the 
fact that the amount of aspartie and glutamic acid, 
measured by this method, included both free and 
bonded amino acids as well as from the hydrolysis of 
asparagine and glutamine, it is impossible at present 
to determine whether the primary effect of 2,4-D 
treatment is on the free amino acids or on the amides. 
However, this result undoubtedly indicated that 2,4-D 
treatment may affect both the synthesis and the oxi- 
dation of these two amino acids in bean plants. 


SUMMARY 


1. The rate of photosynthesis in bean plants was 
markedly reduced by 2,4-D treatment. The rate of 
reduction remained essentially constant over the seven 
day period after treatment. 

2. The incorporation of C!* into aspartie and glu- 
tamic acids was 3 to 4 times greater in the treated 
plants than in the control plants. The most pro- 
nounced effect was observed in plants harvested on 
the third day. 

3. Total amounts of aspartie acid and glutamic 


acid decreased in the treated plants, especially in the 
plants harvested on the seventh day after treatment. 
A possible explanation for the increased incorporation 
of C14 and more rapid loss of aspartic and glutamic 
acids is discussed. 
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PARTICULATE ADENYLIC KINASE IN HIGHER PLANTS? ? 


MENDEL MAZELIS 2 
DEPARTMENT OF PLANT BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 4, CALIFORNIA 


Adenylie kinase (AK) which catalyzes the reversi- 
ble reaction 


(1) 2ADP = ATP + AMP 


was first described by Colowick and Kalckar (1) and 
named by them myokinase. The name was assigned 
because rabbit and frog skeletal muscle were the rich- 
est sources of the enzyme. Kotelnikova (2) has since 
shown that the enzyme is widely distributed in the 
animal organism, being present in liver, kidney, and 
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erythrocytes in addition to muscle. The enzyme has 
been shown to be associated with the mitochondria in 
rat and mouse liver preparations (3, 4, 5). 

As far as the plant kingdom is concerned, the en- 
zyme has been described in yeast (6) but no reference 
is to be found in the literature concerning higher 
plants. However, Loomis (7), in his doctoral disser- 
tation, and Stumpf (31) in a review present evidence 
for the presence of the enzyme in extracts of acetone 
powders of pumpkin seedlings and manroot leaves and 
also mention a personal communication from Axelrod, 
Bandurski and Campbell stating they had shown 
adenylic kinase (AK) activity in plant tissue. The 
present study demonstrates the presence of an adeny- 
lic kinase associated with the mitochondria of coty- 
ledons from peanut and lupine seedlings and the 
chloroplasts from spinach and tobacco leaves. Some 
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properties of the mitochondrial and chloroplast en- 
zymes have also been described. 


MATERIALS AND METHODS 


Peanuts (Arachis hypogea L. var. Virginia Jumbo) 
and lupine (Lupinus albus L.) were germinated in 
flats of moist peat moss or vermiculite. The lupine 
were germinated in the dark. The peanuts were 
treated with fungicide as described by Stumpf (8). 
When 5 to 8 days old the plants were harvested and 
the cotyledons removed and washed and the mito- 
chondria isolated as described previously (8). Ly- 
ophilized mitochondria were prepared as described by 
Mazelis and Stumpf (9). Spinach and tobacco were 
grown in nutrient solution (10). When 4 to 6 weeks 
old the leaves were harvested, washed in distilled 
water, and stored in pliofilm bags at 10° C until used. 
The leaves were used within one week of harvest. 
The leaf blade, after separation from the midrib, was 
treated in the following manner: 80 to 100 gm lots of 
leaf laminae were chopped with a knife into small 
pieces and triturated in a Warburg blendor at 4° C in 
150 ml of 0.2 M TRIS (Tris-(hydroxymethy])-amino- 
methane) buffer at pH 7.4 which was 0.5M with 
respect to sucrose. The blending was carried out at 
80 volts for 45 to 60 seconds. The homogenate was 
filtered through two layers of cheesecloth and the fil- 
trate centrifuged at 600 xg for one minute. The 
sediment was discarded. The supernatant fluid was 


centrifuged for 30 minutes at 2000xg. The super- 
natant from this centrifugation was discarded and the 


sediment resuspended in TRIS-sucrose. The resus- 
pended material was centrifuged at 1300xg for 10 
minutes. If whole chloroplast preparations were de- 
sired, the sediment from this centrifugation was re- 
suspended in TRIS-sucrose solution for use as the 
enzyme source, otherwise the sediment was resus- 
pended in cold distilled water, which had been de-ion- 
ized by passage through a Barnstead Bantam de- 
mineralizer, and the suspension centrifuged for 10 
minutes at 1300xg. The pellet obtained was again 
resuspended in cold, de-ionized, distilled water and 
lyophilized. All centrifugations were carried out in 
an International Refrigerated Centrifuge at 0° C. 
Semi-quantitative estimates of adenylic kinase ac- 
tivity were obtained by incubating the enzyme prepa- 
ration with ADP®? at room temperature. After 30 
minutes the reaction was stopped with 1.5 ml of 1.5 M 
HClO, and the resulting precipitate removed by 
centrifugation. The excess perchlorate ion was re- 
moved by neutralizing with KOH and freezing over- 
night (5). The precipitate obtained was centrifuged 
off. Known aliquots of the supernatant were spotted 
on Whatman No. 1 filter paper and an ascending 
chromatogram run in the two-phase solvent system 
of Cohn and Carter (12) with known adenylic acid 
(AMP), adenosine diphosphate (ADP), and adeno- 
sine triphosphate (ATP) standards. After 24 hours 
the chromatogram was removed and dried and a 
radioautograph made. The total number of counts 
per minute (cpm) spotted on paper was determined 


by placing the same volume aliquot on a stainless 
steel planchet and counting with a standard Geiger- 
Miiller counter. The radioactive areas were cut from 
the paper and eluted, transferred to steel planchets 
and counted. 

ADP®? was synthesized by use of lupine mito- 
chondria prepared by the method of Humphreys and 
Conn (11) with inorganic P®* in a phosphorylation 
medium similar to that of Kielley and Kielley (5). 
The ADP*? was isolated by ion-exchange chromatog- 
raphy (12). 

Spectrophotometric assays of AK activity were 
made by use of a slight modification of the hexo- 
kinase-glucose-6-phosphate dehydrogenase system of 
Kornberg (13). 

Nitrogen determinations were done by digestion of 
the sample followed by direct Nesslerization of the 
digested sample. 

AMP, ADP, and ATP were the sodium salts pur- 
chased from the Pabst Laboratories. Hexokinase was 
generously supplied by Dr. Robert Bartsch. Glucose- 
6-phosphate dehydrogenase was prepared by the 
method of Kornberg (14). Triphosphopyridine nucleo- 
tide (TPN) was the sodium salt obtained from Pabst 
Laboratories. 

RESULTS 

Mitochondrial preparations of lupine and peanut 
cotyledons and whole chloroplast preparations from 
spinach and tobacco leaves possess adenylic kinase 
activity which is stable to freezing. Mitochondrial 
suspensions retain their activity for 3 months at 
- 10° C and frozen chloroplast suspensions retain their 
activity for over a month at the same temperature. 
Some preparations were lyophilized and the lyophil- 
ized powders retained their activity for an indefinite 
period. 

The enzyme was easily solubilized from the lyophil- 
ized mitochondria and chloroplasts. One percent sus- 
pensions (10 mg/ml) of the mitochondrial powders 
were extracted for approximately one hour with cold 
distilled de-ionized water. Three percent suspensions 
of the lyophilized chloroplast preparations were sus- 
pended and extracted in the same way. The extracts 
were clarified by centrifugation at 0° C. The peanut 
extract was centrifuged in a Spinco ultracentrifuge at 
100,000 x g for 15 minutes. The lupine and chloro- 
plast extracts were clarified by centrifugation in an 
International Refrigerated Centrifuge at 16,000 xg 
for 20 minutes. 

Aliquots of the clear enzyme extract were assayed 
for N as described above. Under the extractive con- 
ditions described the clear lupine mitochondrial ex- 
tract (ME) and spinach chloroplast extract (CE) 
contained 0.20 mg N per ml of extract. 

PH OptrmuM oF ReEaAcTION: The adenylic kinase 
activity of the spinach CE and peanut ME was ex- 
amined for a pH optimum over the pH range 5.8 to 
8.7. Phosphate buffers were used from pH 5.8 to 8.0 
and TRIS buffers from 7.4 to 8.7. The buffers were 
duplicated at pH 7.4 and pH 8.0 in order to deter- 
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TABLE [ 


AcrIvATION oF ADENYLIC Kinase By Metat Cations 








ADP ATP 


Yo TOTAL CPM 
RECOVERED AS 


TOoTaL cPM 
RECOVERED 


ToraL cPM 


SYSTEM ON PAPER 





Peanut 


2370 2005 
2875 2620 
2610 2410 
1805 1645 
1945 1920 
1200 1500 


Lupine 


2310 2030 
1815 1955 
1155 1165 
1800 1785 
1820 1705 
1625 1450 


Spinach 


1665 1565 
1845 
1530 
1500 
2120 
1565 


a Control 





Control system: Peanut and lupine: 05 ml EDTA- 
treated, dialysed ME, 0.2 ml 2M TRIS, pH 74, 3 uM 
ADP containing 10° cpm as ADP®. Final volume 2 ml. 
Spinach: 0.5 ml dialysed CE, 0.2 ml 2M TRIS, pH 7.4, 
3uM ADP containing 10° cpm ADP®. Final volume 2 ml. 

Added 15 uM of the desired metal to determine the 
activation. Reaction stopped and products chromato- 
graphed as described in the section on “Methods.” 


mine if there was an effect of the buffer not due to 
pH. Since the AK activity was independent of pH 
over the range examined, pH 7.4 was used as a stand- 
ard pH for all the following investigations. 

Metat Activation: Six- and 24-hour dialysis of 
the peanut and lupine ME against cold de-ionized 


water had no effect on the enzyme. Preincubation of 
the ME with 10 uM of ethylenediaminetetraacetate 
(EDTA) per ml of ME for a short time completely 
abolished AK activity. This implied the necessity of 
some metal for enzyme activity. The EDTA treated 
extract was then dialyzed for 6 hours in the cold 
against distilled water. This was done to preclude 
the possibility that on the addition of various cations 
they would displace the natural metal activator from 
the EDTA complex and thus reactivate the enzyme. 
Dialysis of the EDTA-treated extract yielded an in- 
active preparation which could be reactivated by 
Mg** and to a lesser extent by Mn**, Co**, and Ca*. 
Zn** had no effect (table I). 

The CE did not require-pre-incubation with EDTA 
to demonstrate a metal requirement. There was a 
small AK activity if no metal was added, but 3-hour 
dialysis removed this small residual activity almost 
completely. Full activity could be restored by addi- 
tion of Mg**. There was a lesser activation on addi- 
tion of Mn** or Co** while Ca** and Zn** had no 
effect. The results are summarized in table I. It 
appears as if the metal is more tightly bound to the 
protein in the case of the mitochondrial enzyme. The 
metal-protein bond in the chloroplast enzyme is more 
easily broken. The chloroplast enzyme appears to be 
irreversibly inactivated by 24-hour dialysis. 

INHIBITION Stupres: Attempts to inhibit the AK 
of spinach CE and the lupine and peanut ME were 
made using well-known metabolic inhibitors. The re- 
sults, shown in table II, clearly indicate that there 
was no inhibition of the mitochondrial AK at the 
levels of inhibitor concentrations employed. Since 
there appeared to be some slight effect of fluoride on 
the spinach CE enzyme the inhibitory effect of a 
series of fluoride concentrations on the spinach AK 
and lupine AK was tested. The results (table ITI) 
demonstrated that there is an increasing inhibition of 
the chloroplast enzyme with increasing concentrations 
of F- until a final F~ concentration of 0.02M_ is 
reached. Increasing the F~ concentration past this 


TABLE II 


INHIBITION StupIES OF MITOCHONDRIAL AND CHLOROPLAST ADENYLIC KINASE 











LUPINE 


SPINACH 





(STEN 
SysTEeM Tora cPM 


RECOVERED 


TorTaL CPM 
ON PAPER 


Yo ToTaL cPM 
RECOVERED AS 


ADP 


% TOTAL CPM 
RECOVERED AS 


ATP 


ToraL cPM 
RECOVERED 


ToraL cPM 
ON PAPER 


AT? 





2250 
1955 
1955 
2250 


1775 
2395 


1565 
1755 
2130 
2005 


Control 

+azide (10° M) 

+arsenate (10° M) 

+iodoacetamide (IAA) 
(10 M) 


+ p-mercurichlorobenzoate 
(PCMB) (10°M) ... 


1770 
2525 


44 
58 
42 
49 


41 
51 





1850 55 
1860 25 
1700 43 
1470 49 


56 2115 
42 1890 
58 2215 
51 1940 


59 2050 1750 47 


49 2280 1550 36 





The final concentrations of the inhibitor used are in parentheses. 
Control system: 0.5 ml ME or CE, 15 uM MgCl: 3 »M ADP containing 10° cpm ADP®, 0.2 ml 2M TRIS, pH 


74. Total volume 2 ml. 
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TABLE III 








LUPINE 


SPINACH 





% Tora cPM 
RECOVERED AS 


ToraL cPM 
RECOVERED 


TOoraL cPM 
ON PAPER - 
ADP 





% ToraL cPM 
TOTAL CPM RECOVERED AS 
RECOVERED 9=————— 


ToraL cPM 
ON PAPER 
ATP 





1690 42 
1735 45 
1895 41 
1755 53 
1775 63 
1690 67 


2x 10° 
3 x 10° 


1770 
1835 
1465 
1520 
1820 
1875 


1910 
1870 
1720 
1455 
1965 
1805 





Reaction system same as that for table IT. 


point had relatively little effect. The maximum inhi- 
bition obtained was 60% of the activity of the con- 
trol. There was no great effect of F- on the lupine 
mitochondrial enzyme until 0.02 M F” is reached. At 
this concentration a 40% inhibition was observed. 
The inhibition of the mitochondrial enzyme by F- 
appears to fall in an intermediate region as compared 
to the results with liver mitochondrial adenylic kinase. 
Barkulis and Lehninger (3) found that 0.03 M F- was 
sufficient to abolish the AK activity of washed rat 
liver mitochondria, while a 0.01 M concentration had 
no effect. On the other hand Siekevitz and Potter 
(15) observed that fluoride inhibited rat liver mito- 
chondrial AK at a concentration of 0.01 M. The liver 
mitochondrial enzyme was found to be easily solubil- 
ized either by blending (3) or by sonic disintegration 
of the particles (5). It is interesting to note that a 
soluble adenylic kinase from liver homogenates has 
been described which is only weakly inhibited by 
0.03 M F- (16). Thus the rather indeterminate in- 
hibition of F~ of the adenylic kinase of the spinach 
CE and lupine ME appears analogous to the results 
obtained with the enzyme from rat liver. 

Heat SraBitity oF MITOCHONDRIAL AND CHLORO- 
PLAST ENZYMES: One of the most interesting features 
of the adenylic kinase from muscle is the fact that 
heating the enzyme for 10 minutes at 100° C in 0.1N 
HCl only causes an inactivation of about 30% (1). 
The picture is somewhat confused as far as the sta- 
bility of the enzyme in rat liver is concerned. In this 
tissue the particulate enzyme is unstable to the heat- 
acid treatment (3, 4), although the soluble enzyme of 
Leuthardt and Bruttin (16) retained its activity after 
this drastic treatment. This raised the question as to 
whether there were two enzymes in liver or whether 
the properties changed on solubilization from the 
mitochondria. The yeast adenylic kinase has been 
shown to be relatively stable to the heat-acid treat- 
ment, losing only 50 % of its activity (6). 

A unit of enzyme activity will be defined as that 
amount which will form enough ATP to react with 
the glucose-6-phosphate dehydrogenase—-hexokinase sys- 
tem so as to cause an increase of optical density of 
0.001 per minute at 340 my by the reduction of TPN. 


With the period of 4 to 8 minutes on the graphs of 
figures 1 to 3 as a period when the TPN reduction is 
proceeding linearly, table V gives the results of the 
amount of inactivation by the acid-heat treatment. 
The amount of inactivation of the mitochondrial en- 
zymes are of the same order of magnitude as the rela- 
tively stable yeast (6) and muscle (1) enzymes. As 
is shown in figures 1 and 2, the soluble enzyme from 
the mitochondria retained most of its activity after 
treatment with heat and acid. The soluble chloro- 
plast enzyme, however, loses the major portion of its 
activity (fig 3). The chloroplast AK has the inter- 
esting property of retaining its activity after this 
acid-heat treatment if it is not separated from the in- 
soluble matrix by water extraction. As seen in figure 
3 and also in table IV, the solubilized chloroplast en- 
zyme loses its activity almost completely, but if the 
whole suspension is used the enzyme maintains its ac- 
tivity to a great extent after the heat-acid treatment. 

When fresh or lyophilized mitochondrial suspen- 
sions or fresh chloroplast preparations were incubated 
with ADP??, radioactive spots showed up correspond- 
ing to ATP, ADP, and inorganic P. Heating the 
mitochondrial preparations in 0.1 N HCl for 10 min- 
utes at 100° C abolished the inorganic P spot. Incu- 
bating with high concentrations of unlabeled AMP 
decreased the intensities of the radioactive ATP and 
inorganic P areas on the paper chromatogram. When 
the suspension of lyophilized mitochondria was centri- 
fuged and the clear supernatant used as the enzyme 
source, only ADP and ATP were labeled. These re- 
sults imply that an ATPase is associated with the 
mitochondria and is not solubilized by water extrac- 
tion as is the adenylic kinase. A similar insoluble 
ATPase associated with the mitochondrial fraction 
has been observed in mouse liver (17). The fresh 
chloroplast preparations also have an ATPase but the 
activity of the enzyme appears to decrease on storage 
at -10°C. After several days, the ATPase activity 
has decreased to a large degree as determined by the 
amount of labeling in the inorganic P spot on a radio- 
autograph. 

CHOLEATE TREATMENT OF LYOPHILIZED CHLORO- 
PLASTS: The question arises whether there are two 
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enzymes in the chloroplast, an easily extracted heat- 
jabile one and an insoluble heat-stable one, or whether 
the properties of the enzyme are changed in some 
way on going into solution and being separated from 
the insoluble portion. 

A 39% suspension of lyophilized spinach chloro- 
plasts was made up and, after extraction and cen- 
trifugation, the clear CE was decanted. The residue 


Mitochondrial Adenylic Kinase 
Lupine Peanut 





unheated e@ 


heated 


-adenylic kinase, -adenylic kinase 
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Minutes 





Fic. 1 (deft). Activity of adenylic kinase of lupine 
mitochondria after heating 10 minutes at 100° C in 0.1 N 
HCl. Cuvette contained 0.2 ml of ME preparation, 0.1 
ml of 0.1 M glucose, 0.1 ml of 2M TRIS, pH 7.4, 0.1 ml 
of 0.1M MgCh, 0.1 ml of a glucose-6-phosphate de- 
hydrogenase solution containing 1 mg per ml of the 
lyophilized preparation, 0.1 ml of a hexokinase solution 
containing 1 mg of enzyme preparation per ml in a 1 % 
glucose solution, 0.1 ml of TPN solution containing 100 y 
of TPN, and 0.1 ml of 0.01 M ADP. Add water to make 
up to 3 ml final volume. Control cuvette had no TPN. 
Start reaction by adding ADP. Measure increase of 
optical density at 340 mu. 

Fig. 2 (right). Activity of peanut 
adenylic kinase under same conditions. 


mitochondrial 


Was re-extracted two more times with water and re- 
centrifuged, discarding the supernatant each time. 
The washed residue was then re-extracted with water 
and after centrifugation the supernatant (S4) saved 
and the residue again resuspended in water. A com- 
parison of the AK activity of the CE, S4, and residue 
was made with labeled ADP. Also the effect of acid- 
heat treatment on each fraction was examined. An 
active adenylic kinase was present in the CE and 
washed residue. There was no activity in the S, 
fraction. Heat-acid treatment of the CE gave the 


Spinach Chloroplast Adenylic Kinase 
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Fic. 3. Inactivation of spinach chloroplast adenylic 
kinase by heat-acid treatment. 0.2 ml of CE prepara- 
tions in cuvette. Other reactants same as for figure 1 
above. 


usual large inactivation, but the same treatment on 
the residue had no effect. There apparently is a por- 
tion of the AK activity which cannot be extracted by 
water from the lyophilized chloroplast. 

The washed residue above was treated with 10 mg 
sodium choleate per ml of suspension. After one hour 
of such treatment the suspension was clarified by 
centrifugation and the clear supernatant decanted. 
The sediment was resuspended in water and a com- 
parison of the AK activity and the effect of heat-acid 
treatment on the clear supernatant and the choleate- 
treated residue was made. The choleate treatment 
solubilized the remaining AK in the washed residue. 
Only a small amount of activity remained in the in- 
soluble portion. The clear supernatant from this 


TABLE IV 


Heat SraBitity oF CHLOROPLAST ADENYLIC KINASE 


Yo TOTAL CPM 


; OT: 
Tora Tota RECOVERED AS 


CPM CPM 
ON PAPER RECOVERED 


ENZYME 
PREPARATION 


CL* 2500 
CE 2655 
2390 
1075 
Spinach CL 970 

= CE 1005 


Tobacco 
“ 


Heat-Acid treated CL 
“ “ “ . E 


Heat-Acidtreated CL 915 63 
o «  & CR 970 83 


* CL is a 3% suspension of lyophilized chloroplasts; 
CE is chloroplast extract. 

Reaction mixture: 0.5 ml enzyme preparation, 15 46M 
MgCl 3 »M ADP containing 10° cpm ADP*®, 0.2 ml 
TRIS, pH 7.4. Final volume 2 ml. After heating in 
boiling H:O bath for 10 minutes in 0.1 N HCl the heat- 
acid treated enzyme preparation is neutralized with 
KOH prior to use. 
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TABLE V 


ENZYME INACTIVATION BY TREATMENT WITH 
0.1 N HCl ar 100° C 











UNITs oF 
ACTIVITY 
(CORRECTED 
FOR BLAN K) 


TREAT- 
MENT 


%o INACTI- 
VATION 


ENZYME SOURCE 





17.0 


Unheated ae 
10.0 41 


Heated 
Peanut ~ Unheated oe 
5 ” Heated 2 50 
Unheated ; % 
Heated i 85 


Lupine mitochondria 
“ “ 


Spinach chlorop!asts 





treatment had good activity which, however, was con- 
siderably decreased by the heat-acid treatment. 

PROOF OF THE PROTEIN NATURE OF THE ADENYLIC 
Kinase Activity: Since the AK from lyophilized 
mitochondrial preparations was stable to such drastic 
treatment as heating in acid solution, the question 
was raised whether there was a protein associated 
with this activity. Studies were made with peanut 
ME to answer this question. Peanut ME which had 
been frozen 31 days was thawed. An aliquot was 
incubated for one hour with 0.2 ml of a papain solu- 
tion (0.81 units of activity/mg) and 0.1 ml of a neu- 
tralized glutathione solution (2.5 mg/ml) to activate 
the papain. Another aliquot of ME was incubated 
with 0.2 ml of the papain-glutathione solution which 
had been heated previously for 10 minutes in a boil- 
ing water bath. After one hour the two enzyme 
preparations were incubated with ADP#? as usual in 
order to determine AK activity. A control was run 
with ME alone. After radioautography of the chro- 
matogram of the reaction products, it was seen that 
the ME which had been treated with heated papain 
had an active adenylic kinase. However, the papain- 
treated ME had no AK activity. Similar results were 
obtained upon incubating heat-acid treated ME with 
active and heat-inactivated papain. 


DIscussION 

The apparent concentration of adenylic kinase in 
the chloroplasts of spinach and tobacco leaves is of 
interest for several reasons. First, this is one of the 
few enzymes which has been specifically identified in 
chloroplasts. Li and Bonner (19) identified a poly- 
phenol oxidase localized in tea leaf chloroplasts and 
the evidence for chloroplast localization of phos- 
phorylase (20) and catalase (21) is fairly substantial. 
The whole complex of enzymes involved in the Hill 
reaction (18) is known to be present in the chloro- 
plast but the individual enzymes have not been iden- 
tified or characterized. In addition, the presence of 
AK is of interest from a consideration of how the 
chloroplast is involved in changing light energy to 
chemical energy. Arnon, Whatley, and Allen (22) 
have recently presented evidence indicating that under 
the action of light, isolated chloroplasts can incorpo- 
rate inorganic phosphate into ATP using AMP as an 


acceptor. ADP was found to be as effective as AMP. 
With adenylic kinase present, it would seem reason- 
able to assume that the primary phosphate acceptor 
is ADP and that AMP acts by the presence of small 
contaminating amounts of ADP or ATP in the added 
AMP or the chloroplast preparation itself. Thus, 
adenylic kinase would insure a means of generating 
ADP in the presence of any two of the components 
involved in reaction (1). 

The interesting observation that the chloroplast 
adenylic kinase is relatively stable to an acid-heat 
treatment while still attached to the insoluble chloro- 
plast structure, but on going into solution is inacti- 
vated by this same treatment, implies either the 
chloroplast structure somehow stabilizes the enzyme 
or that the properties of the enzyme change on going 
into solution. The properties of the soluble liver en- 
zyme (16) compared to the liver mitochondrial en- 
zyme (3) appear analogous. In this case, however, 
solubilization of the enzyme stabilized the enzyme to 
the acid-heat treatment but the enzyme still attached 
to the mitochondrion was unstable. 

Speculation on the role of adenylic kinase in cell 
metabolism leads to a belief that this enzyme occupies 
an important position in the interchange of high- 
energy phosphate in nucleotide-involved reactions. 
Strominger, Heppel, and Maxwell (23) have described 
a nucleoside monophosphokinase which will transfer 
the terminal phosphate from a nucleoside triphosphate 
to a nucleoside monophosphate, provided one of the 
components is an adenine nucleotide. Berg and Joklik 
(24) have demonstrated an enzyme, nucleoside di- 
phosphokinase, which will transfer phosphate from a 
nucleoside triphosphate to a nucleoside diphosphate. 
Again an adenine nucleotide appears to be a neces- 
sary component. In recent years, inosine diphosphate 
has been shown to be the phosphate acceptor in the 
phosphoenolpyruvate-CO. condensation to oxalacetate 

25); the uridine nucleotides are involved in carbo- 
hydrate transformations (26, 27, 28), cytidine nucleo- 
tides in phospholipid synthesis (29), and guanosine 
nucleotides as cofactors for the esterification of inor- 
ganic phosphate in a-ketoglutarate oxidation (30). 
The maintenance of an adequate balance between the 
three adenine nuclotides would seem to be related, 
therefore, not only to providing a substrate for the 
esterification of inorganic phosphate into high-energy 
linkage, but also to be important in regulating many 
other metabolic pathways not directly involving ade- 
nine nuclotides but dependent on other nucleotides. 


SUMMARY 


1. An adenylic kinase has been found associated 
with lupine and peanut cotyledon mitochondria and 
also with whole chloroplasts isolated from spinach and 
tobacco leaves. 

2. The mitochondrial enzyme requires treatment 
with ethylenediaminetetraacetate to demonstrate a 
metal requirement. Mg** is most effective, Mn**, Co** 
and Ca** activate to a lesser extent. The enzyme is 
unaffected by F- until a concentration of 0.02 M is 
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reached at which point the enzyme is inhibited about 
40 %. There is a 50 % loss of activity on heating for 
10 minutes at 100° C in 0.1 N HCl. 

3. The chloroplast enzyme does not retain the 
metal as firmly as the mitochondrial adenylic kinase. 
\Ig** is most effective as an activator. Mn** and Co** 
activate to a lesser degree. Increasing F~ concentra- 
tions cause increasing inhibition until 0.02 M F° is 
reached, at which point the enzyme is approximately 
60 % inhibited. Increasing F~ concentrations above 
this point does not significantly increase the amount 
of inhibition. 

4. The chloroplast enzyme, when solubilized, is 
unstable to heat-acid treatment. However, when still 
associated with the chloroplast structure, the enzyme 
retains a great deal of its activity. 

5. The possible role the enzyme fulfills in the proc- 
ess of converting light to chemical energy in photo- 
synthesis, and its function in a broad sense in cell 
metabolism is discussed. 
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AUXIN-INDUCED WATER UPTAKE BY AVENA COLEOPTILE SECTIONS ?:2 


LAWRENCE ORDIN,? THOMAS H. APPLEWHITE anp JAMES BONNER 
KercKHOFF LABORATORIES OF BioLocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA 


It is known that auxin induces the uptake of water 
by plant tissues. Three principal suggestions have 
been made concerning the mechanism of such auxin- 
induced net water uptake. The first proposes that 
auxin in some manner plasticizes the cell wall. The 
second suggests that auxin brings about active synthe- 
sis of cell wall material. These two mechanisms sup- 
pose osmotic entry of water into the cell in response 
to lowered wall pressure. The third is that auxin 
brings about a non-osmotic transport of water into 
the tissue. Thimann (22) has grouped these into two 
hypotheses in the form of models. One model visual- 
izes a pump (active transport) and the other a piston 
arrangement (cell wall pressure reduction). Such 
active transport has been rigorously defined by Rosen- 
berg (21) as the movement of a substance against a 
chemical potential or concentration gradient, i.e., an 
uptake of water against a diffusion gradient as defined 
by Levitt (16). Active transport of water would con- 
sist then of water movement against an osmotic gradi- 
ent. A fourth possibility in principle would be that 
an auxin-induced increase in the concentration of 
osmotically active solutes might occur within the cell. 

The cells of plant tissues are surrounded by rela- 
tively rigid cell walls and one must discuss water 
movement in terms of diffusion pressure gradients 
rather than in terms of osmotic pressure. In the 
terminology proposed by Meyer and Anderson (19) 
and by Crafts et al (10), DPD=OP-WP where 
DPD = diffusion pressure deficit, OP = osmotic pres- 
sure of cell contents, and WP = wall pressure. The 
DPD gradient from an external solution to the inside 
of the tissue can then be expressed as A DPD = DPD, 
— DPD, (DPD, = OP.) where i= internal and e = ex- 
ternal. If A DPD is negative, the gradient is out- 
ward; if A DPD is positive, the gradient is inward. 
To demonstrate a net active water uptake it is neces- 
sary to show that water uptake occurs while the 
purely osmotic A DPD is negative. When the exter- 
nal solution is hypertonic, wall pressure becomes zero 
and DPD,=OP;. The net uptake of water from 
hypertonic solution would then involve movement 
against an osmotic gradient. It will be shown below 
that cells of Avena coleoptile sections are essentially 
in diffusion pressure equilibrium with the external 
solution over a wide range of external solute concen- 
trations both in the presence and in the absence of 
auxin. There is no detectable net uptake of water 
from hypertonic solution by this tissue. It is con- 
cluded that water uptake by Avena coleoptile sections 
both in the presence and absence of auxin is a purely 
osmotie phenomenon. 
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MATERIALS AND METHODS 


The material used in this work consisted of 5-mm 
sections cut 2 mm below the apex of Avena (variety 
Siegeshafer) coleoptiles. The Avena seedlings were 
grown in vermiculite contained in stainless steel trays 
and were watered with distilled water. They were 
harvested when 96 hours old. Only those coleoptiles 
30 + 2.5 mm in length were used. Each part of each 
experiment was done using 20 sections floated on 20 
ml of solution. 

Changes in water content of the sections were 
measured as changes in section length. Net water 
uptake by coleoptile sections is attended by only 
small changes in section diameter. Kelly (12) has 
shown that under conditions similar to those used in 
elongation studies water uptake in the presence of 
auxin is linear with time. Measurements of section 


length were made under a dissecting microscope with 
a decimillimeter stage micrometer. The variability in 
elongation rates of sections under the present condi- 
tions has been discussed by McRae and Bonner (18). 

Three general basal media were used: 1) potas- 
sium maleate buffer (0.0025 M, pH 4.8) with or with- 
out potassium indoleacetate (5 mg/l); 2) potassium 


maleate buffer, sucrose (0.09 M), MnSO, (100 mg/1), 
arginine (100 mg/l) and with or without potassium 
indoleacetate (5 mg/l); 3) redistilled water with or 
without indoleacetic acid (IAA) (5 mg/l, pH 5.0 to 
5.5), potassium-free. All solutions were made up with 
redistilled water. 

In the following report, the terms hypotonic and 
hypertonic are used in referring to solutions external 
to the cell. These terms are defined as follows: hy- 
pertonic = solution whose OP is greater than OP;; 
hypotonic = solution whose OP is less than OP. It 
will be shown below that OP, for freshly cut Avena 
coleoptile sections under the present conditions is 
equivalent to approximately 0.4 M mannitol. 


EXPERIMENTAL RESULTS 


Data on the time course of elongation of sections 
in media of two different osmotic concentrations are 
given in figure 1. In these experiments, medium 1 
containing buffer alone was used. To this IAA was 
added as indicated. Mannitol was used as the os- 
motically active solute. The sections were allowed 
one hour to come to osmotic equilibrium with the 
solution before addition of auxin. It is evident that 
sections do not elongate in response to auxin in an 
external osmotic concentration of 0.56 M. The use of 
elevated temperatures and of forced aeration does 
not increase elon™..tion under conditions of high man- 
nitol concentration. 

The respiratory rate of Avena coleoptile sections 
is depressed in the presence of increasing concentra- 
tion of an external solute, as is shown in figure 2. 
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Fic. 1. Effect of external osmotic concentration on 
elongation of Avena coleoptile sections as a function of 
time. 0.0025 M potassium maleate, pH 48 with or with- 
out 0.5M mannitol, and with or without 5 mg/! IAA. 
IAA added at arrow. 


The rates of oxygen uptake were measured over a 
period of 3 hours. The presence of IAA increases 
rate of respiration at low external osmotic concentra- 
tions, as has been earlier reported by Commoner and 
Thimann (9), Bonner (5) and others. The auxin- 
induced increment in respiration diminishes with in- 
creasing external osmotic concentration, and disap- 
pears at an OP, of 0.4M in which elongation is re- 
duced to a very low value. These results parallel 
those obtained with Jerusalem artichoke storage tis- 


BSS 
oO 


OW 
Oo 





JUL./HR./20 SECTIONS 
ae 








0 0.1 0.4 


0.2 O03 
MOLARITY OF MANNITOL 


Fic. 2. Effect of external osmotic concentration and 
of IAA on oxygen uptake of Avena coleoptile sections. 
0.0025 M potassium maleate buffer, pH 4.8, 5 mg/l IAA. 
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sue in which the respiratory increment induced by 
IAA disappears as OP, is increased (6). 

It is known that the response of coleoptile sec- 
tions to IAA is prolonged in time by the addition of 
sucrose or certain other substances to the media. 
Figure 3 gives data on the time course of the elonga- 
tion response to IAA in the more complete basal 
medium containing sucrose, manganese and arginine, 
and containing added mannitol to produce varying 
osmotic pressures. The sections were first equili- 
brated in the medium for one hour, after which auxin 
was added. In the basal medium alone (OP, = 0.09 
M) elongation starts at once when IAA is added. At 
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Fic. 3. Effect of external osmotic concentration on 
elongation of Avena coleoptile sections as a function of 
time. 0.09M sucrose plus various concentrations of 
mannitol, 100 mg/] arginine, 100 mg/l] MnSO,, 0.0025 M 
potassium maleate, pH 4.8. IAA (5 mg/I) added at arrow. 
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higher values of OP,, a lag period in attainment of 
steady state elongation is evident. The length of this 
lag period is greater the larger the value of OP,. The 
final steady state elongation rates also decrease regu- 
larly as OP, is increased. Figure 4 summarizes data 
on the elongation of sections in the presence or 
absence of IAA and in media of varying osmotic 
concentrations. The effects of increasing external os- 
motie concentration on endogenous elongation (elon- 
gation in the absence of added IAA) do not parallel 
effects on the auxin-induced elongation of these sec- 
tions. The endogenous elongation exhibits the initial 
non-linear decline with increasing OP, at a lower con- 
centration than does elongation in response to added 
IAA. The two coincide at an external osmotic con- 
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Fic. 4. Effect of external osmotic concentration and 
of auxin on total elongation of Avena coleoptile sec- 
tions. Incubation time 20 hrs. 0.09 M sucrose plus vari- 
ous concentrations of mannitol, 100 mg/] arginine, 100 
mg/l MnSO,, 0.0025 M potassium maleate, pH 4.8, with 
or without 5 mg/l IAA. 


centration of approximately 0.7 M. The cells of sec- 
tions placed in solutions more concentrated than ap- 
proximately 0.4M are rapidly plasmolyzed, as will 
be discussed in detail below. After a 20-hour incuba- 
tion period, however, deplasmolysis has occurred. 
This is true, for example, of sections placed in solu- 
tions as concentrated as 0.6 M. Elongation has then 
occurred in the presence of solutions initially hyper- 
tonic to the 0.4 M osmotic concentration of the initial 
sections. 

Burstrém (7) has shown that the irreversible ex- 
tension of wheat roots is independent of OP, in the 
hypotonic region. This would suggest that the cell 
elongation of such roots is not due to a mere passive 
stretching of the wall and favors some hypothesis 
relating active wall synthesis to cell enlargement. In 
order to determine if a similar situation obtains for 
the Avena coleoptile, sections were placed in plas- 
molyzing solutions for one hour after 20 hours of 
elongation. The difference between initial plasmo- 
lyzed length (plasmolyzed at zero hours) and final 
plasmolyzed length (plasmolyzed at 20 hours) is 
taken as the irreversible elongation in accordance with 
Burstrém’s definition. The data for these experi- 
ments are given in figure 5. The irreversible com- 
ponent, like the total elongation of Avena coleoptile 
sections, is an inverse function of OP,. The Avena 
coleoptile is not, therefore, similar in behavior to 
Burstrém’s wheat roots as far as irreversible exten- 


sion is concerned. In the case of the Avena coleop- 
tile, the greater the turgor pressure the greater the 
elongation rate. This implies that something more 
than intimate contact of cytoplasm with the cell wall 
is essential to increase in coleoptile length. 


OSMOTIC QUANTITIES DURING ELONGATION 


In order to ascertain to what extent purely os- 
motic considerations govern auxin-induced water up- 
take in the Avena coleoptile it is necessary to have 
measurements of DPD and of OP, during the elonga- 
tion process. The simplified method of Ursprung 
(25) was used for determination of the DPD, of 
Avena coleoptile tissue. The method consists in 
measuring the lengths of a group of sections which 
are then placed in a graded series of mannitol con- 
centrations. The sections are held submerged in 
stainless steel baskets and argon bubbled through the 
solutions to maintain anaerobic conditions. A sepa- 
rate group of sections is used for each mannitol con- 
centration. After one to two hours, the sections are 
removed and their lengths quickly measured. That 
group which shows no change in length is said to have 
been in a solution whose OP=DPD,. The mainte- 
nance of anaerobic conditions during the DPD deter- 
mination insures to a high degree that metabolic 
processes such as are essential to IAA induced net 
water uptake are kept at a minimum and that any 
such metabolic components of DPD are not measured. 

According to classical osmotic theory, the simpli- 
fied method of Ursprung should also be capable of 
yielding values of OP; for the tissue measured. The 
cytoplasm should pull away from the cell wall at in- 
cipient plasmolysis and as OP, is further increased, 
the cytoplasm should continue to contract without 
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Effect of external osmotic concentration and 
auxin on irreversible elongation of Avena coeloptile sec- 
tions. Incubation time 20 hrs followed by plasmolysis in 
1M mannitol. Same experimental conditions as figure 4. 
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Fic. 6A. Change in length of Avena coleoptile sec- 
tions as a function of external mannitol concentration. 
Incubation for 1 to 2 hours under anaerobic conditions. 
Freshly cut sections. 

Fic. 6B. Change in length of Avena coleoptile sec- 
tions as a function of external mannitol concentration. 
Incubation for 1 to 2 hrs under anaerobic conditions. 
Sections previously grown 20 hrs in complete medium of 
osmotic concentration 0.5M (mannitol +sucrose) solu- 
tion and containing 5 mg/! IAA. 











further cell shrinkage. Hence, the curve which re- 
lates tissue length (or change in length) to OP, should 
show a sharp inflection at the OP, of incipient plas- 
molysis, and should become a straight line of zero 
slope for higher values of OP,. Ketellapper (13) has 
previously attempted to determine the osmotic con- 
centration of Avena section tissue in this way. His 
data appear to follow closely the expectations of clas- 
sical osmotic lore. This is not true in the present 
experiments. Figure 6 A presents data on the length 
of freshly excised Avena sections after one hour of 
anaerobic incubation in media of varying OP,. The 
length of the sections decreases with increasing OP, 
up to an external concentration of approximately 
0.6M. Although there is an inflection in the curve 
between 0.4 and 0.6 M, there is no sharp change in 
slope. OP, apparently lies between 0.4 and 0.6 M but 
cannot be determined more precisely by this method. 
The same is true for tissue which has been previously 
incubated in a medium of high OP,. Figure 6 B gives 
data on tissue incubated anaerobically for one hour 
in media of varying OP, after 20 hours in solution 


TABLE [| 


Dirrusion Pressure Dericir (DPD) or AveNA CoLrop- 
TILE SECTIONS AFTER INCUBATION FOR 1 Hr ANpD 20 Hrs 
IN Mep1A oF DirFeRENT Osmotic CONCENTRATIONS 








DPD oF SEcTION TISSUE, M 





EXTERNAL CONC, hevse tiene 


+IAA 





AFTER 1 HR 
-IAA 





0.25 
0.36 
0.37 
0.47 
0.60 


0.27 
0.39 
0.41 


0.28 
0.40 
0.46 
0.52 0.45 
0.54 0.56 
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containing IAA in 0.5M solution (mannitol plus su- 
crose). There is no evident inflection in the curve of 
figure 6B. It is necessary to conclude, therefore, that 
OP, cannot be measured in this way for Avena coleop- 
tile section tissue. This method is, however, satis- 
factory for DPD determinations, and yields a pre- 
cision of determination of approximately + 0.05 M. 
Table I gives DPD values for sections after varying 
pretreatment. The data of table I show that DPD, 
as measured by the short term anaerobic incubation 
method is always equal to the OP, of the external 


+ 0.2 


2) 





1 
9 








+ 
9 
2°) ~~ 


CHANGE IN LENGTH, MM. 
I 
© 
nm 











TIME, HRS. 

Fic. 7A. Effect of anaerobic conditions (argon) on 
change in length of Avena coleoptile sections in 0.4M 
solution (0.0025 M potassium maleate, pH 4.8, 100 mg/l] 
arginine, 100 mg/l MnSO,, 0.09M sucrose, mannitol, 
with or without 5 mg/l IAA) following 20 hrs in same 


solution under aerobic conditions. Sections transferred 
to distilled water at arrow indicated in figure 7 C. 

Fic. 7B. Effect of anaerobic conditions on change in 
length of sections in 0.5 M solution. Conditions same as 
in figure 7 A except for mannitol concentration. 

Fic. 7C. Effect of anaerobic conditions on change 
in length of sections in 0.66 M solution. Conditions same 
as in figure 7 A except for mannitol concentrations. 


solution in which the section has previously been in- 
cubated. Equilibration of tissue DPD with external 
OP appears to take place within one hour over a 
wide range of OP, values. Equilibration of DPD, and 
OP, is maintained through a 20-hour period both in 
the presence and absence of added auxin. There is 
no evidence in these data for any component of DPD, 
dependent on aerobic metabolism and measurable by 
the present method. This important point was fur- 
ther studied by experiments in which argon was 
bubbled through solutions in which sections had pre- 
viously been elongating “under the influence of auxin. 
The change of section length with time in argon for 
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sections in solutions of several different values of OP, 
are plotted in figure 7 A, B and C. No change in sec- 
tion length occurs during the first four hours after con- 
ditions are made anaerobic. After 4 hours the sections 
begin to shrink. This is because the tissue is killed by 
the prolonged anaerobic incubation as shown by micro- 
scopic examination and lack of section expansion after 
transfer to distilled water. Two hours of anaerobiosis 
are, however, evidently without deleterious effects. 
These data tend to confirm the conclusion that the 
tissue is in DPD equilibrium with the external solu- 
tion at all times, and that [AA-induced elongation 
occurs in the absence of any apparent DPD gradient 
over the entire range of external osmotic concentra- 
tions used. Since water enters the cell under the in- 
fluence of auxin it must do so under the influence of 
a positive DPD gradient. This is apparently small 
and not detectable by the present methods of meas- 
urement. 

When sections are placed in hypertonic solution, 
their cells are rapidly plasmolyzed. The cells of such 
sections subsequently deplasmolyze under aerobic con- 
ditions. One might, therefore, conclude that absorp- 
tion of solutes or production of solutes within the 
tissue has taken place. According to this view, the 
sections deplasmolyze because OP, is increased and 
the solution is no longer hypertonic. At the same 
time, wall pressure increases above zero so that DPD 
remains constant while OP, increases. Le Gallais 
(14) has shown that the OP of sap expressed from 
Avena coleoptile section tissue increases proportion- 
ally to external osmotic concentration regardless of 
solute used and both in the presence and absence of 
auxin. Le Gallais’ work was done with the eryoscopic 
method of osmotic pressure determination. His re- 
sults suggest, however, that the cryoscopic values for 
OP, are erroneously high because the sap expressed 
includes plasmolytic solution which has entered the 
tissue without entering the vacuole. The cryoscopic 
technique is not, therefore, useful for the present 
purpose. That an increase in OP, does take place 
during incubation of sections in initially hypertonic 
solutions can however be shown by the plasmolytic 
method of OP determination. This method consists 
in the examination of coleoptile sections from the 
DPD determination solutions under the high power 
of the microscope. Cells are counted through the 
median region of the layer of cells just below the 
outer epidermis. OP, is taken as equal to the OP, of 
that solution in which sections have 50% of their 
cells plasmolyzed. 

The initial OP; of freshly cut Avena coleoptile 
cells was found to be 0.42 M. Sections incubated for 
20 hours yield various values of OP,, depending on 
the solution used fer incubation. Results of typical 
experiments are summarized in table II. In the first 
place, sections incubated in water alone (no solute) 
decrease in OP, if IAA is present. This effect is ap- 
parently due to dilution of cell contents by the water 
taken up under the influence of auxin as has been 
previously described. Sections in mannitol alone 


TABLE II 


INTERNAL Osmotic Pressure oF AVENA COLEOPTILE 
SECTIONS AFTER INCUBATION IN VARIOUS 
SoLuTIONsS 








INTERNAL OSMOTIC 


Teksewiene PRESSURE (OP;), M 





ike Ra 


Redistilled H.O 

0.0813 M Sucrose 

0.59 M Mannitol 

0.5M Mannitol + 0.0813 M sucrose 
0.09 M Mannitol 

0.09 M Ethylene glycol 

0.045 M NaCl 





Incubation: 10 hrs for HO treatment, 20 hrs for other 
treatments. Initial OP; = 0.42 M. 


show small increases in OP; over the 20-hour period. 
Since some elongation occurs in mannitol, a small 
amount of mannitol must have entered the tissue. 
The addition of sucrose to the medium, however, per- 
mits very large increases in OP, to take place. This 
is true both for solutions which are initially hypotonic 
and for those which are initially hypertonic (with 
added mannitol). The osmotic pressure increase in 
mannitol plus sucrose is larger than that in sucrose 
alone in the presence of IAA. This is undoubtedly 
due to the greater dilution of the cell contents in the 
latter case as pointed out by Hackett (11) for potato 
tissue. The presence of sucrose in the medium evi- 
dently permits the tissue to make an extensive ad- 
justment of OP;,. 

The data of figure § further concern the question 
of the role of sucrose in the elongation of Avena 
coleoptile sections. Sections were incubated for 29 
hours in initially hypertonic solutions made up of 
mannitol or sucrose and mannitol, and with or with- 
out IAA. The sections were initially plasmolyzed by 
the hypertonic solutions in all cases. Deplasmolysis 
only occurred with sections incubated in the presence 
of sucrose. Sucrose must therefore contribute to the 
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Fic. 8. Effect of 0.0813 M sucrose on change in length 
of Avena coleoptile sections in initially hypertonic solu- 
tion containing mannitol in concentrations such that 
total molarity is 059M. IAA added at arrow. 5 mg/l 
K-free IAA, no buffer. Final pH 5.5. 
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increase in OP, of the tissue. Sections which have 
deplasmolyzed elongate more slowly than those which 
have never been plasmolyzed in agreement with the 
similar findings of Ketellapper (13). Plasmolysis it- 
<elf apparently causes some irreversible damage. 

It has been shown above that the presence of a 
small amount of sucrose in the medium permits sec- 
tions to deplasmolyze in an otherwise hypertonic con- 
centration of mannitol. The presence of sucrose 
similarly maintains OP, and rate of water uptake in 
the presence of auxin. The following type of experi- 
ment was done to find out whether sucrose pretreat- 
ment can maintain subsequent elongation rate in hy- 
potonie mannitol solution. Sections were pretreated 
in 0.09 M suei vith IAA for 4 hours and were then 
transferred to 0.00 M[ mannitol and IAA for periods 
up to 20 hours. The results are given in figure 9. 


+ 2.0 


on 


e) 


SUCROSE — MANNITOL 


© 
on 


MANNITOL 





L 


20 





= 
2 
r 
fe 
Oo 
= 
ud 
or 
= 
WW 
O) 
Zz 
a 
= 
S) 


se: l 1 
TIME, HRS. 
Fic. 9. Effect of 0.0813.-M sucrose pretreatment on 
subsequent elongation of Avena coleoptile sections in 
0.09 M mannitol. IAA added at first arrow. Transfer 


to mannitol at second arrow. 5 mg/l K-free IAA, no 
buffer; final pH 5.5. 
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The elongation rate with the latter solution drops off 
rapidly with time. The initial elongation rate in su- 
crose is greater than that in an equi-osmolar concen- 
tration of mannitol. The initial rate following trans- 
fer from sucrose to mannitol is greater than the initial 
rate for sections maintained in mannitol alone, but 
the effect does not persist. Apparently the continu- 
ing presence of sucrose is required for maintenance of 
elongation rate. This is consistent with the idea first 
presented by Thimann and Schneider (24) that su- 
crose acts in part to maintain OP, at a constant high 
level during auxin-induced elongation. 

It is of interest to know what other solutes can 
replace sucrose in its role of maintaining elongation 
rate and, apparently, OP,;. A variety of permeating 
substances were used, each in a concentration of 0.01 
M. The results, presented as progress curves of 
elongation, are given in figure 10. Glucose is nearly 
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Fic. 10. Change in length of Avena coleoptile sec- 
tions as a function of time and in the presence of several 
different solutes. Each solute given at 0.01 M concen- 
tration. IAA added at arrow. No buffer, 5 mg/l K-free 
IAA, final pH 5.5. 
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as effective as sucrose. Glycerol is but little superior 
to mannitol in the support of continued elongation 
rate. Table III gives further data on the elongation 
rates of sections in solutions containing various sol- 
utes, all tested at a higher concentration, 0.09 M 
(0.045 M for KCl and NaCl). At this concentration, 
sucrose and glucose are considerably more effective 
than any of the other solutes tested. It may be seen 
that the substances used form a series of varying 
effectiveness in replacing sucrose or glucose. Even an 
apparently non-metabolizable substance such as ethyl- 
ene glycol is one third as effective as sucrose. NaCl 
and KCl possess an intermediate status. 


TABLE III 


Errect oF VARIOUS SOLUTES ON [AA-INDUCED ELONGATION 
or AVENA COLEOPTILE SECTIONS 


SOLUTE 
Sucrose (0.0813 M) 
p-Glucose 
NaCl (0.045 M) 
KCl (0.045 M) 
p-Raffinose 
Glycerol 
Ethylene glycol 
p-Ribose 
Urea 
L-Rhamnose 
p-Xylose 
L-Sorbose 
t-Arabinose 
p-Arabinose 


0.22 
Solutions 0.09 M except where noted. Incubation 20 
hrs. 5 mg/l IAA throughout. Media unbuffered pH 5.4 
to 6.1 for all solutions except that containing urea in 
which pH was 7.0. Elongation above mannitol control. 
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The absolute elongation of sections in 0.09 M solu- 
tion is depressed as compared to that in 0.01 M solu- 
tion for all solutes tested except sucrose and glucose. 
These two substances are more effective in increasing 
elongation rate in the 0.09 M concentration than at 
0.01 M. This is undoubtedly due in part to the fact 
that sucrose and glucose are metabolizable as shown 
by Bonner (4). In addition, however, sections in- 
cubated in IAA sucrose-containing solutions show an 
increase in OP; as compared to similar sections in- 
cubated in mannitol or in glycol, a readily absorbed 
solute (table II). In the absence of IAA, OP, is in- 
creased somewhat above initial values. The rela- 
tively large increases in OP, in the presence of su- 
crose may be due to the formation by the tissue of 
smaller molecules from the large sucrose molecules 
taken in. In any ease, the osmotic readjustment 
caused by sucrose appears to be independent of the 
presence or absence of IAA (table IT). 

It has been noted above that when Avena coleop- 
tile sections are placed in solutions of high external 
osmotic concentration there is a lag period in the at- 
tainment of steady state auxin-induced elongation. 
The experiments outlined above have suggested that 
this lag period may represent the time needed by the 
cells of the tissue to accumulate solutes and to in- 
crease in OP;. The following experiments were 
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Fig. 11. Effect of pretreatment with mannitol alone 
or mannitol in the presence of KCl or sucrose on subse- 
quent elongation of Avena coleoptile sections in manni- 
tol and sucrose. Total solute concentration 0.2M. IAA 
added at first arrow. Transfer to mannitol and sucrose 
at second arrow. 5 mg/l! K-free IAA, no buffer, final pH 
5.0-5.2. 
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Fic. 12. Effect of time of addition of IAA on subse- 
quent elongation of Avena coleoptile sections in solution 
of 03M total concentration. IAA added at arrows. 
0.0813 M sucrose, 0.21M mannitol, 0.0025 M potassium 
maleate, pH 4.8, 5 mg/] IAA. 
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carried out to further characterize the effects of dif- 
ferent external solutes on the lag period. Sections 
were placed in hypotonic solution, 0.2 M, containing 
mannitol alone or mannitol with a small amount of 
sucrose or NaCl. All solutions contained IAA. The 
sections were left in these solutions for four hours to 
permit any osmotic readjustment to occur. The sec- 
tions were then transferred to an equi-osmolar solu- 
tion of mannitol, sucrose and IAA. The data of fig- 
ure 11 show that sections pretreated for four hours in 
mannitol alone show a lag period in attainment of 
steady state elongation when transferred to mannitol, 
sucrose and IAA. If the pretreatment included su- 
crose or KC] in addition to mannitol the sections start 
elongating immediately and rapidly attain the final 
steady state rate. Apparently, the lag period does 
represent a period of readjustment of internal osmotic 
concentration. The length of the lag period is de- 
pendent on the presence in the external solution of 
readily absorbable solutes. It may be noted that 
NaCl behaves as does KCl in permitting shortening of 
the lag period. 

The osmotic regulation which takes place during 
the lag period in solutions of moderate osmotic con- 
centration is not dependent upon the presence of 
auxin in the external medium. In order to test the 
effect of auxin on the lag process, sections were incu- 
bated in 0.3 M solutions containing mannitol and su- 
crose. Auxin was added at various times and the 
elongation rate after addition of auxin was followed. 
The data are presented in figure 12. It is apparent 
that the lag period extends for about 7 hours and 
that its duration is independent of the presence or 
absence of auxin in the external solution. 
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Discussion 


An important conclusion of the present work is 
that the auxin-induced uptake of water by Avena 
coleoptile sections follows osmotic principles. It is of 
interest to consider these results in relation to earlier 
reports of metabolically maintained DPD gradients. 

In order to determine whether a tissue is able to 
accumulate water against a diffusion pressure gradi- 
ent it is necessary to possess information concerning 
the osmotie pressure (OP,) of the tissue. The sim- 
plified method of Ursprung (25) has been shown 
above to be inapplicable because of the absence of a 
clear-cut inflection in the volume-OP, relation as OP, 
is inereased. Coleoptile tissue as well as other tissues 
discussed by Crafts et al (10) continue to shrink as 
OP, is increased above OP;. The eryoscopic tech- 
nique when applied to tissue sections which have been 
in contact with plasmolyzing solutions is attended by 
serious errors in assessment of OP, as has been shown 
by Le Gallais (14). In the case of plasmolyzed tis- 
sues, for example, the cryoscopic method yields values 
of apparent OP, which are too high. The plasmolytic 
method, however, can be used for OP, determinations 
even with tissues which have been incubated in in- 
itially hypertonic solutions. 

Bogen (2) has shown that leaf tissues deplas- 
molyze under aerobic conditions in sucrose solutions 
in which they are initially plasmolyzed. A similar 
In the present case it has 


result is reported here. 
been shown that sucrose penetrates the Avena coleop- 
tile sufficiently rapidly to permit of deplasmolysis in 
less than 20 hours and that the deplasmolysis is an 


osmotic one. Bogen’s experiment would appear to be 
susceptible to a similar interpretation. It has been 
reported by Bonner et al (6) that Jerusalem arti- 
choke dises can take up water under the influence of 
auxin from solutions which are initially hypertonic. 
Although the determinations of initial OP, are diffi- 
cult with this tissue they can be made and the values 
reported earlier have been confirmed. Determinations 
of OP, after a period of water uptake are still more 
difficult to perform with Jerusalem artichoke tissue 
and are more questionable. Burstrém, (8) who used 
eryoscopic techniques, found that OP, of such tissue 
increases with time in initially hypertonic solutions. 
The eryoscopic technique requires an elaborate cor- 
rection if it is to be used under these conditions. 
Nonetheless, it is probable that the OP, of Jerusalem 
artichoke increases with time in hypertonic solutions 
as shown in the present paper for Avena. All of the 
experiments of Bonner et al were done in the pres- 
ence of an absorbable solute, namely potassium phos- 
phate buffer. The water loss which takes place when 
Jerusalem artichokes in initially hypertonic solution 
(0.2 M mannitol) are transferred to anaerobic condi- 
tions may be due to progressive tissue damage as it 
is with Avena coleoptile sections. 

The most nearly valid evidence, at least as a first 
approximation, of water uptake against a diffusion 
pressure gradient in higher plants is contained in the 


work of van Overbeek (20). It was found by van 
Overbeek that the exudate of an excised tomato root- 
shoot system may have an osmotic concentration 1 
atmosphere less than that of the solution bathing the 
root. Arisz et al (1) using more refined techniques 
of measurement reduced this difference to 0.5 atmos- 
phere or less. The latter workers propose that the 
lower OP of the exudate is due to salt absorption 
from the sap between the root and the stump as well 
as to dilution by water from tissues adjacent to the 
xylem. Furthermore, if the zone of water absorp- 
tion exceeds the zone of salt absorption, dilution of 
the sap would occur. 

Neither the present work, nor other work reported 
on water, clearly support the concept of active up- 
take as defined by Rosenberg (21) and Levitt (16). 
It is clear however that the performance of auxin- 
induced water uptake is attended by an increase in 
respiratory rate and that the auxin-induced incre- 
ment is abolished by external solute concentrations 
which abolish net water uptake. The increase in 
respiration caused by auxin does not then have to do 
with water accumulation against a water concentra- 
tion gradient but would appear rather to be related 
in some way to the primary act involved in cell 
elongation. 

It has long been known that sugars (3) or potas- 
sium salts (24) act as co-factors in auxin-induced 
elongation of coleoptile sections. The role of these 
substances is in part an osmotic one. They contrib- 
ute to the maintenance of OP;. The presence of su- 
crose in the medium extends the period over which 
elongation is linear with time. This effect cannot be 
achieved by sucrose pretreatment as shown by ex- 
periments in which sections decrease in elongation 
rate after transfer to sucrose-free solutions. The 
effect of sucrose on rate of water uptake may be due 
in part to the utilization of the material in respiration 
and in the support of cellular syntheses. In addi- 
tion however sucrose clearly provides internal os- 
motically active material both as intact sucrose mole- 
cules and perhaps as metabolically produced smaller 
molecules. The lesser effectiveness of salts and espe- 
cially of other sugars is presumably due to their 
being less effective as food material and less abun- 
dantly converted to smaller molecules. 

It has been concluded that in the Avena coleop- 
tile DPD, is at all times essentially in equilibrium 
with OP, and that by the methods presently available 
no detectable differences between these two quantities 
can be found. Within the limits of measurement of 
DPD (+0.05M) no movement of water against a 
DPD gradient appears to take place with Avena 
coleoptile sections. When non-absorbable solute is 
used to constitute a hypertonic solution, no elonga- 
tion of the tissue takes place. It is therefore highly 
unlikely that active water uptake is a factor in auxin- 
induced elongation in this tissue. This agrees with 
the conclusions reached earlier with other tissues by 
Levitt (15, 17) and by Thimann (23). Adjustments 
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of osmotic concentration take place in the coleoptile 
section provided that an absorbable solute is present 
in the medium. These osmotic adjustments are how- 
ever independent of auxin and occur in the absence 
as well as in the presence of added growth substance. 
Since auxin-induced water uptake is a purely os- 
motie phenomenon in the Avena coleoptile and since 
auxin does not appear to directly influence internal 
osmotic concentration, it may be concluded that 
auxin must in some way decrease cell wall pressure. 
The fact that the irreversible component of the total 
elongation behaves as an inverse function of OP, in 
the hypotonic region is consistent with the hypothesis 
that cell wall plasticization rather than cell wall syn- 
thesis is a primary cell wall effect. This is in con- 
trast to the state of affairs with wheat roots (7) in 
which irreversible extension is independent of OP, in 
the hypotonic region as reported by Burstrém. In 
any case it would appear that a detailed investiga- 
tion of cell wall metabolism as related to the presence 
or absence of auxin may be required for the further 
elucidation of the mechanism of auxin action. 


SUMMARY 


Avena coleoptile sections are in apparent diffusion 
pressure equilibrium with the external solution at all 
times, i.e., there is no detectable aerobic metabolic 
component of DPD in either hypertonic or hypotonic 


solution. 

Both total elongation and irreversible elongation 
are inverse functions of external osmotic concentra- 
tion in the hypotonic region. 

Tissue placed in initially hypertonic solution de- 
plasmolyzes and grows if a sufficient concentration of 
an absorbable solute such as sucrose is present in the 
external solution. It has been shown that the role of 
the permeating solutes is to cause an increase in in- 
ternal osmotic concentration of the tissue. 

Tissue in hypotonic solution maintains or increases 
in internal osmotic concentration as elongation occurs, 
provided that absorbable solute is present in the ex- 
ternal solution. Tissue maintained in distilled water 
exhibits a decrease in internal osmotic concentration 
as elongation occurs. 

When Avena coleoptile sections are placed in 
slightly hypotonic or in hypertonic solution there is 
a lag period in the attainment of steady state elonga- 
tion rate. The duration and intensity of this lag 
period increases with external osmotic concentration. 
The length of the lag period is independent of the 
presence of auxin and is determined by the time re- 
quired by the section to make an osmotic readjust- 
ment to the external solution by absorption of solutes. 

Auxin-induced water uptake in Avena coleoptile 
sections does not appear to be due to the effect of 
auxin on maintenance of a metabolically controlled 
component of internal diffusion pressure deficit or to 
effects on the osmotic concentration of the tissue. 
The present evidence points to effects of auxin on the 
cell wall as an important factor in auxin-induced cell 
elongation. 


l. 
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PERMEABILITY OF AVENA COLEOPTILE SECTIONS TO WATER 
MEASURED BY DIFFUSION OF DEUTERIUM 
HYDROXIDE?” 


LAWRENCE ORDIN 3 ann JAMES BONNER 
KeErCKHOFF LABORATORIES OF Biotocy, CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA 


The present investigation, carried out in connec- 
tion with studies of the mechanism by which auxin 
induces net water uptake, concerns the resistance of 
Avena coleoptile section tissue to water movement. 
The factors which govern tissue permeability to water 
have also been examined. Heavy water has been used 
in order to eliminate changes in the geometry of the 
tissue during the measurement. Permeability con- 


stants obtained by this method are true diffusion con- 
stants in contrast to the filtration constants obtained 
by osmotic methods. The first use of deuterium oxide 
(D.0, 30 to 50%) solutions in the study of water 
permeability of plants was that of Wartiovaara (11) 


on the alga Tollypellopsis. Buffel (2) and Ketellapper 
(5) have also used 50 % D,O to determine the water 
permeability of Avena coleoptiles. These workers 
studied the outward diffusion of D,O from tissue pre- 
viously equilibrated with the material. In both in- 
vestigations cartesian diver techniques were used for 
determination of D,O. The high concentrations of 
D,O used exert injurious effects on the tissue after 
several hours. Buffel therefore allowed his sections to 
age in distilled water for 12 to 18 hours, a procedure 
found empirically to decrease such injury. 

Buffel (2) has reported that indoleacetic acid 
(IAA) increases D,O permeability of sections aged in 
this manner. Ketellapper (5) on the other hand finds 
that IAA has slight if any effect on D,O permeability. 
It will be shown below that rate of absolute water 
movement in the coleoptile is rapid and is not influ- 
enced by IAA, metabolic inhibitors, or the state of 
turgor of the tissue. 


MATERIALS AND METHODS 


The material used in this work consisted of 5-mm 
sections cut 2 to 3 mm below the apex of the Avena 
coleoptile. The primary leaf was removed. The 
Avena seedlings were grown at 25°C in vermiculite 
contained in stainless steel trays and were watered 
with distilled water. They were harvested when 96 
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hours old. Only those coleoptiles 30+ 2.5 mm in 
length were used. Each part of each experiment was 
performed using 50 or 75 sections in 10 or 15 ml of 
solution respectively. 

Dilute solutions of deuterium hydroxide (DHO) 
(0.56 % D.O) were prepared from 99.5% D,0 ob- 
tained from Stuart Oxygen Company by authoriza- 
tion of the U. S. Atomic Energy Commission. The 
D.O was used without further purification. Groups 
of sections were placed in DHO solution for varied 
periods of time. After the desired time interval the 
group of sections was dried externally with filter 
paper and placed in a ground glass stoppered vial. 
The vial was then utilized as the distilling vessel of a 
micro-distillation apparatus in which the tissue water 
was removed by lyophilization. The DHO content of 
the tissue water was determined by mass spectrome- 
try. The direct determination of DHO in the mass 
spectrometer has been described by Washburn et al 
(12). The precision of measurement is greater than 
+ 0.01 atom percent over the range of DHO concen- 
trations used in this work. The data are presented 
as mole percent DHO in the tissue water as a func- 
tion of time. 

Indoleacetic acid (IAA), 5 mg/l, was used as the 
auxin throughout. The basal medium contained po- 
tassium maleate buffer (0.0025 M, pH 4.8). All solu- 
tions were made up with redistilled water. 


RESULTS 


The data in figure 1 show that IAA has no influ- 
ence on the course of entrance of heavy water into 
coleoptile tissue. The half-time of the movement, i.e., 
the time required for the tissue to attain a concentra- 
tion of DHO equal to one half the difference between 
the external concentration and the initial internal con- 
centration (that of normal water, 0.02% DHO), is 
about 9 minutes. This is slightly longer than the half 
times found by Buffel (2) and Ketellapper (5) of 4 to 
7 minutes and 4 to 6 minutes respectively. The loga- 
rithmic shape of the curve of figure 1 indicates that 
water enters the tissue by a simple diffusion process. 

The course of the outward diffusion of water was 
compared with that of the inward diffusion by pre- 
treating tissue for 2 hours in 1.1% DHO. The tissue 
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was then transferred to water (not enriched in deu- 
terium) for varying periods of time. The data of fig- 
ure 2 show that within experimental error there is no 
difference in either the shapes of the inward and out- 
ward diffusion curves or in the half-times of the dif- 
fusion. There is thus no apparent differential between 
rates of inward and outward diffusion in the presence 
or absence of IAA. 

In the experiments described above water diffuses 
into the tissue and approaches equilibrium with the 
external solution. Danielli (3) has presented the con- 
cept of facilitated diffusion to cover those cases in 
which substances move until equilibrium is attained 
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Fic. 1. Effect of 5 mg/l IAA on inward diffusion of 
DHO into Avena coleoptile sections. External solution 
concentration indicated by horizontal line. Half-time 
given at arrow. 0.0025M K maleate pH 48 throughout. 
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but for which rate of movement is governed by meta- 
bolic factors. One criterion for the existence of such 
a facilitated diffusion is that the rate of movement is 
affected by metabolic inhibitors. The influence of 
3x 10+ M potassium cyanide (KCN) and of 5x 10° M 
2,4-dinitrophenol (DNP) upon the diffusion of DHO 
into sections was therefore measured. These concen- 
trations inhibit net water uptake of sections essentially 
completely but do not kill the tissue. Figures 3 A and 
3B show that the two inhibitors have only a very 
slight depressant effect on permeability of sections to 
DHO. 

Myers (9) has suggested that plasmolyzed cells 
may have a higher permeability to water than un- 
plasmolyzed cells. An experiment was therefore done 
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Fic. 2. Inward and outward diffusion of DHO in 
Avena coleoptile sections. External solution concentra- 
tion indicated by horizontal line. Half-time indicated 
by arrows. 5 mg/l IAA and 0.0025 M maleate buffer pH 
48 throughout. 


to determine the rate of DHO movement into sections 
from a hypertonic mannitol solution. Tissue was 
equilibrated for 2 hours in 0.6M mannitol before 
transfer to DHO-mannitol solutions. It was found 
that 0.6 M mannitol is without effect on the permea- 
bility of the coleoptile to DHO. 
The experiments described thus far indicate that 
water moves into the Avena coleoptile by a simple 
diffusion process. The question may be raised whether 
the relative ineffectiveness of metabolic inhibitors on 
the diffusion of DHO in Avena sections is 1) because 
the plasma membrane offers essentially no resistance 
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Fic. 3A (left). Effect of 3x 10*M KCN on inward 
diffusion of DHO into Avena coleoptile sections. Exter- 
nal solution concentration indicated by horizontal line. 
Half-times indicated by arrows. 5 mg/l IAA and 0.0025 M 
maleate buffer pH 48 throughout. 

Fic. 3B (right). Effect of 5x 10° M 2,4-DNP on in- 
ward diffusion of DHO into Avena coleoptile sections. 
External solution concentration indicated by horizontal 
line. Half-times indicated by arrows. 5 mg/l] IAA and 
0.0025 M maleate pH 48 throughout. 
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to water flow as compared to other structures, such as 
the cell wall, or 2) because the resistance of the intact 
membrane to water movement is not dependent on 
metabolism. If the first possibility were correct, then 
killing the cell should result in no appreciable increase 
in DHO permeability. If the second possibility were 
correct, the death of the cell should result in an in- 
crease in permeability, provided the living membrane 
offers as much or more resistance than the wall. 
Wartiovaara (11) has shown that D.O diffuses out of 
living Tollypellopsis cells with a half time of one min- 
ute. When the cells are killed the half time is reduced 
to 1/3 minute. Thus in Tollypellopsis the living mem- 
branes offer more resistance to water flow than does 
the cell wall. 

For the determination of the resistance to DHO 
movement contributed by the wall and by the mem- 
branes, Avena coleoptile sections were killed by a 
4-hour pretreatment in 5x10¢M DNP. After this 
treatment the cells of the section are irreversibly 
flaccid, their cytoplasm is extensively deranged as ob- 
served under the high power of the compound micro- 
scope and the sections are unable to grow in response 
to added auxin in the absence of DNP. The sections 
were then transferred to DHO solutions containing 
DNP in addition to the IAA and buffer. Figure 4 
shows that the dead tissue possesses only a slightly 
increased permeability as compared to living tissue. 
The primary barrier to water movement in the Avena 
coleoptile thus appears to be a structure that remains 
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Fic. 4. Effect of killing by 5x10“ M 2,4-DNP pre- 
treatment on subsequent inward diffusion of DHO into 
Avena coleoptile sections. External solution concentra- 
tions indicated by horizontal lines. Half-times indicated 
by arrows. 5 mg/l IAA and 0.0025M maleate pH 48 
throughout. 
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Fic. 5. Expansion and contraction of Avena coleop- 
tile sections as a function of time when sections are 
transferred from 0.4 M mannitol to redistilled water and 
vice versa. Half-times indicated by arrows. 


relatively intact after death, presumably the cell wall. 
The cell membranes are even more highly permeable 
than the tissue values indicate. This explains in large 
measure why the various factors which influence net 
water uptake, such as external osmotic concentration, 
auxin and metabolic inhibitors have little or no effect 
on the absolute rate of movement of water into or out 
of this tissue. 

In order to compare the diffusion constants, meas- 
ured by rate of exchange of labeled water, with the 
filtration constants determined osmotically, the latter 
were also determined with Avena section tissue. This 
was done by measuring the rate of expansion or con- 
traction of sections when they were transferred from 
0.4 M mannitol to distilled water and vice versa. Fig- 
ure 5 shows that the time course of water uptake and 
loss obtained in this way is similar to that for the 
diffusion of DHO and that the half-times for change 
in length, 7.5 to 8 minutes, are of the same order of 
magnitude as the half-times for DHO diffusion. These 
results conflict with those of Buffel (2) who deter- 
mined the filtration constants by a cartesian diver 
technique and obtained a half-time of 55 minutes. 
Buffel’s method as applied to this ‘etermination is 
however subject to errors of interpretation as well as 
of technique, although it is quite adequate for the 
determination of D.O diffusion constants. 

The permeability constants of Avena section tissue 
to water are then essentially the same whether deter- 
mined by rate of DHO diffusion or by osmotic means. 
It is of interest to compare these constants with those 
found for single plant cells. Huber and Hofler (4) 
have found half-times of plasmolysis varying from 20 
seconds to nearly 6 minutes depending on the plant 
investigated. 

Since the permeability data presented apply to the 
whole tissue and since the wall is the primary barrier 
to water movement, determinations of cell permea- 
bilitv using the osmotic method were made. It was 
found that the half time of protoplast shrinkage or 
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expansion in plasmolyzed subepidermal cells is 2 to 3 
minutes and in cases in which the cell is close to a cut 
end of the tissue, the half-time is 1 minute or less. 
This indicates that an appreciable portion of the cell 
wall resistance to water movement may be located in 
the cutinized epidermal wall. Since deeper lying cells 
cannot be examined readily, no data are available on 
their half-times of expansion or contraction. These 
water movements occur across the cell wall as well as 
into the plasmolyzed protoplast. It may be that a 
part of the cause of the longer half-time for water 
diffusion into Avena tissue as compared to that into 
individual cells is merely the fact that water must 
traverse a series of cells as it moves from the external 
solution to the deeper lying interior cells. 


DIscussION 


It has been found that various factors which have 
an important influence in governing net water uptake 
and metabolism in general, have little if any effect on 
the absolute rate of water movement in the Avena 
coleoptile section. Non-lethal concentrations of meta- 
bolic inhibitors, hypertonic conditions and auxin are 
included among these factors. The fact that death of 
the Avena section causes only a slight increase in 
water permeability, indicates that in this tissue the 
cell wall is the primary barrier to water movement. 
Kramer (6) and Brouwer (1), on the other hand, 
have shown that dead root systems show appreciably 
increased water conductivity as compared to living 
controls. Their observations were made by observing 
the rate of mass flow of water through the roots 
under the influence of artificial suction. This result 
indicates indirectly that the living membranes are 
more of a barrier to water movement than the cell 
wall in the case of roots. 

There are few data in the literature which afford 
a direct comparison of living and dead cells with re- 
spect to true water permeability. Isotopic measure- 
ments are required for this purpose. Such an investi- 
gation has been carried out earlier with Tollypellopsis 
by Wartiovaara (11) who found that the water per- 
meability of dead algal cells is three times that of 
living cells. Thus the living membranes are primary 
barriers to water movement in Tollypellopsis. It 
would be of interest to study the permeability of roots 
by the use of DHO since according to Brouwer (1) 
roots exhibit varying resistance to mass water move- 
ment depending on the conditions used. 

A certain minimal degree of metabolism is required 
to maintain the integrity of the cell membranes. Me- 
tabolism, however, cannot directly govern tissue per- 
meability to water in the Avena coleoptile, since the 
wall rather than the membrane is the limiting factor. 
The presence of the cell wall makes it difficult to 
assess accurately the role of metabolic processes in the 
regulation of membrane permeability. 

Buffel (2) and Ketellapper (5) both obtained 
slightly shorter half-times of diffusion of D,O with 
the cartesian diver technique than have been found in 
this investigation, probably due to their using slightly 


shorter sections. Ketellapper also found that as pH 
decreases below pH 4.5, permeability to DO increases, 
This increase may possibly be associated with injury 
to the tissue by the high acidity. The changes in 
water permeability found by Ketellapper are large as 
compared with those reported in this paper. It is 
possible that the cartesian diver technique used by 
Ketellapper although adequate for study of D.0O 
movement in the pH range abow 4.5 with living sec- 
tions (provided too long a period of exposure to high 
concentrations of DO is not used) is not adequate at 
low pH because of the flaccidity of the tissue. 

Ordin, Applewhite and Bonner (10) have found 
that under optimal conditions (0.09 M sucrose, IAA) 
Avena sections of the kind used in this work elongate 
from 5.0 to 7.5 mm in about 13,hrs. The tissue then 
increases its net water content by half in 13 hours. 
This half-time is large compared with the half-time 
of water diffusion as measured in this investigation. 
The rate of water exchange is approximately 90 times 
the rate of net water movement. The high diffusion 
rate of water is consistent also with the fact reported 
earlier that the internal diffusion pressure deficit of 
Avena sections equals the external osmotic pressure 
under all conditions investigated (10). This high 
water permeability is consistent also with the early 
suggestion by Levitt (7, 8), that there is little likeli- 
hood of the occurrence of active water transport 
mechanisms in higher plants. 

It has sometimes been found that isotopic and 
osmotic determinations of water permeability yield 
different values. Such discrepancies have given rise 
to speculations concerning the structure of the mem- 
branes. The absence of such a discrepancy for Avena 
coleoptile tissue makes it impossible to make such 
speculations about the nature or structure of the 
membrane or cell wall. 

The finding that individual cells near the surface 
have a shorter half-time for water diffusion than the 
tissue as a whole suggests that in the case of Myers’ 
(9) observations the difference between plasmolyzed 
and unplasmolyzed cell permeability is due to the 
time lag involved in water movement from the cell 
interior. A similar suggestion has been presented 
earlier by Levitt (8). In Myers’ work cell permea- 
bility is apparently compared with tissue permeability 
rather than cell or tissue permeability under hypo- 
tonic solution conditions with that under hypertonic 
solution conditions. 


SUMMARY 


Indoleacetic acid in optimal concentration has no 
effect on the diffusion of deuterium hydroxide solu- 
tions into Avena coleoptile sections. 

The half-time of DHO diffusion into sections is 8 


to 10 minutes. The inward and outward diffusion 
curves are identical in shape and half-times. 

The state of turgor has no influence on the water 
permeability of this tissue. 

Inhibitors such as 2.,4-DNP and KCN in non-lethal 
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concentrations have only slight, if any, effect on per- 
meability. 

Killing of the tissue results in a very slight in- 
crease in permeability. The smallness of the increase 
indicates that the cell wall rather than the cell mem- 
branes is the primary barrier to water movement. 

Determination of tissue permeability by osmotic 
means yields rates of water movement essentially 
identical to those obtained by the isotopic method. 
The half-time of protoplast expansion or contraction 
of individual cells located near the surface is however 
2 to 3 minutes and in cases in which the cells are very 
near to cut tissue edges, 1 minute or less. Cell perme- 
ability of Avena coleoptile section tissue is thus greater 
than the permeability of the tissue as a whole. 


The DHO analyses were carried out by the ana- 
lytical service department of the Consolidated Engi- 
neering Corporation. We wish to thank Mr. William 
Bailey and Mr. Jack Walker for their helpful counsel. 
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RESPONSIBLE FOR THE FLOW OF SAP FROM 
THE SUGAR MAPLE?? 
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No adequate explanation has yet been proposed 
for the mechanism responsible for vessel sap pressures 
and sap flows from wounded stems in several species 
of Acer and some other genera during the dormant 
period. It is generally agreed that the pressures and 
flows are temperature-induced. Clark (1, 2) and 
Jones (5, 6) many years ago made extensive observa- 
tions on soil, air and stem temperatures and the sap 
flows from trees in the field. More recently, similar 
observations on excised stems have been made by 
Stevens and Eggert (8) and on both stems and stumps 
by Johnson (4). On the basis of these field observa- 
tions, a number of authors have proposed and dis- 
cussed possible mechanisms responsible for the pres- 
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sures and flows (1, 2, 4, 5, 8 and 9). Most of the 
observations have been made in the field, but Marvin 
and Greene (7) have reported on a series of experi- 
ments on excised stems under conditions of controlled 
temperature in the laboratory. Some of these investi- 
gators have observed that sap pressures and flows 
occur only following a rise in the temperature of the 
stem tissues and also that the pressures and rates of 
flow decrease when the temperatures fall. 

Temperature and flow rate or flow volume data 
have not heretofore been given a critical analysis to 
evaluate the possible relationship between these vari- 
ables. In the experiments reported here temperature 
and flow rate data have been collected for several 
trees for four seasons. A multiple regression analysis 
of these data has demonstrated a quantitative rela- 
tionship between the daily total volume of sap flow 
and four independent variables derived from the tem- 
perature and flow data. 
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MATERIALS AND METHODS 


The data presented here were collected during the 
months of March and April for the years of 1950, 
1951, 1952 and 1953 at the Proctor Maple Research 
Farm of the College of Agriculture, University of Ver- 
mont. The temperature and sap flow data were re- 
corded from mature trees of Acer saccharum Marsh. 
Using copper-constantan thermocouples, a continuous 
record through each season was made of air tempera- 
tures in the shade at 6 ft (1.8 m) and at 30 ft (9.1 m) 
in the crown. Temperatures of the xylem were re- 
corded 6 em inside the stem surface as well as tem- 
peratures of the inner bark. Twig temperatures were 
obtained by inserting the thermocouple into the cut 


Fic. 1 (above). Tipping bucket measuring element. 
Fic, 2 (below). Multiple recorder for the tipping buckets. 
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Fic. 3. Twig temperatures and sap flow rates for 
tree 500 for nine days plotted at hourly intervals. 


end of a twig 6 mm in diameter, 30 ft from the ground 
in the center of the crown. The thermocouple junc- 
tions were inserted at least 5 em into the tissues and 
were sealed with plastic wood. These and other tem- 
peratures were recorded by two 16-point Leeds and 
Northrup Micromax recording potentiometers. 

Sap flow rates and volumes were continuously re- 
corded by devices constructed for the purpose, shown 
in figures 1 and 2. The sap flowed from a standard 
tap hole (7/16 in x2 in) through a rubber tube to a 
tipping bucket unit mounted on a large reservoir. 
The measuring unit was similar to that of a rain 
gauge. The capacity of each bucket was 15 ml. 
When the bucket tipped to empty, it momentarily 
closed a magnetically operated switch which sent an 
impulse to the recorder. The recorder consisted of a 
Leeds and Northrup chart frame to which 12 relays 
with pens mounted on the armatures were attached. 
The pens recorded on a chart which moved at the 
same rate of speed as the potentiometer charts. The 
rates of flow could then be compared with the tem- 
peratures for any given time or period of time. 


RESULTS 


The several temperatures and rates of sap flow 
were plotted at hourly intervals for each of the four 


seasons for three trees. A careful study of these 
graphs indicated that twig temperatures correlated 
best with flow rates. Frequently rapid flow rates were 
observed when there had been no change in the xylem 
and inner bark temperatures, although the tempera- 
ture of the twig had increased. However, on some 
days with bright sun and a cold wind, the xylem and 
inner bark temperatures may have risen as much as 
10° C, whereas a change of less than 1° C above 0° C 
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was observed in the twig temperature and no flow 
occurred. Several trees were decapitated 20 ft (6.1 
m) above the ground but below the first branches, 
and the cut surface was sealed with a rubber-faced 
cap. The rates and volumes of flow were much re- 
duced following the treatment and were found to cor- 
relate with changes in the temperatures of the inner 
bark and xylem. It was concluded from these obser- 
vations that twig temperatures correlated best with 
the flow rates and volumes, and were therefore used 
in the statistical analysis. 

Twig temperatures and flow rates for one tree are 
plotted for hourly intervals in figure 3. Two charac- 
teristic temperature and flow relationships are appar- 
ent. When a flow occurs it follows a rise in tempera- 
ture above 0°C and a decrease in temperature is 
followed by a decrease in the rate of flow and, in some 
cases, by a cessation of flow. It may also be observed 
that the rate of flow is not proportional to the magni- 
tude of the rise in temperature, as, for example, in the 
flows recorded on March 26 and 27, April 1 and 3. 

Experiments on stem sections previously reported 
(7) and the experiments of Stevens and Eggert (8) 
have demonstrated that during the cooling period pre- 
ceding a flow, stems absorbed water or an aqueous 
solution. If the stems were not permitted to absorb, 
the flow following a cooling period was greatly reduced 
or did not occur at all. These observations suggested 
that an important relationship might be found be- 
tween preceding temperatures and flows. A period of 
freezing temperatures (7) is not a necessary prerequi- 
site for a flow. Figure 3 (March 28, April 2 and 3) 
shows that a rising temperature from a previous low 
above 0° C increases the rate of flow. However, it is 
apparent in figure 3 that when the preceding tem- 
perature was below 0° C the flow was greater both 
in rate and volume than when the lowest tempera- 
tures between the flows were above 0° C. On March 
29 temperature rises comparable to those of March 27 
did not cause a flow, and on April 2 and 3 tempera- 
ture rises had only slight effects on the rate of flow. 

An attempt has been made to formulate these 
relationships by the methods of regression analysis 
outlined by Ezekiel (3). Daily volumes of flow, Y, 
were related to varying numbers of independent vari- 
ables, X;, variously defined, and in various functional 
relationships, such as multiple linear, exponential and 
polynomial. In each trial, a least-squares solution of 
the regression was found, values of the predicted flow, 
Y’, calculated, and the coefficient of multiple correla- 
tion, R, of Y and Y’ values used to assess the good- 
ness of fit. After a number of trials, the best fit of 
the flow data was obtained from,a multiple linear 
regression on four independent variables, three of 
which were derived from the temperature data, and 
one from the flow data, as described below. It should 
be realized that the success of an analysis such as this 
is greatly dependent upon the insight and ingenuity 
of the analyst, and we have no doubt that it would be 
possible to improve considerably upon the prediction 
of flow rates which our analysis permits. 


The equation finally adopted had the form 
Y’ = C(bp + bX, + boXo + bgXg + b4X4) 


where Y’ is the predicted flow rate, b; are constants, 
and X,; and C, the independent variables, as defined 
below. An example of observed flow rates, Y, appears 
in table I. X, is the number of hours during which 
twig temperatures were below 0° C, cumulated for the 
24-hr period from 6:00 A.M. to 5:00 A.M. inclusive, 
preceding the flow in question. It may be termed the 
“conditioning” factor, and was suggested by the ex- 
periments of Stevens and Eggert (8), and Marvin and 
Greene (7) referred to above. For many years, 


TABLE [| 


Datmty Sap Frow (Y), AND THE INDEPENDENT VARIABLES 
(Xi to X,) To Wuicu It Is Revatep 
FoR TREE 500 In 1950 


Y =-3.491 + 2.135.X, + 0.340X.- + 0.026X3 + 0.412X, 
Date Y Xe X, 


Mar. 20 
21 
22 
23 
24 


COMUIMMUOCWNHO | 


75 


124 
19 
0 
93 
59 
288 
217 
222 


| SYNBYORB 


farmers have observed that a storm with wet snow 
that adheres to the trees precedes the largest flow. 
Criteria for this weather condition were established 
from field notes and the temperature data and, where 
these criteria applied, the conditioning factor (X,) 
was increased by a factor of 3. The factor was chosen 
after preliminary analyses showed that flows on days 
characterized by wet snows were exceptionally large. 
This condition occurred five times in the four years— 
for example, April 14, 1950, table I. 

The temperatures initiating a flow and during a 
flow were quantized by cumulating degree-hours above 
0° C, or the lowest temperature for the previous 24-hr 
period. They were tabulated for the day of each flow 





PLANT PHYSIOLOGY 


TABLE II 


Torat VotuME (Liters) or Sap YIELDED BY THREE 
Trees IN Four YEARS 








TREE 





YEAR 
499 





1950 54 
1951 57 
1952 26 
1953 ee 





For difference between trees 457 and 499 te = 2.28; 
P< 0.25. 

For difference between trees 457 and 500 te = 5.95; 
P< 0.05. 

For difference between trees 499 and 500 ts = 4.02; 

< 0.05. 


from 6:00 A.M. to 5:00 A.M. An example of these 
data appears in table I as Xz. An examination of the 
seasonal pattern of twig temperatures and flow rates 
indicated that in some years the mechanism was more 
responsive to temperature changes late in the season 
than earlier. The X, term, simply the serial number 
of the day of the flow, represents this seasonal effect, 
and in these analyses the use of this term improved 
the relationship. Its biological significance is not 
known. 

It seemed reasonable to assume that the magni- 
tude of a flow might be related to that of the pre- 
ceding one. It was supposed that a large flow would 
deplete the system and tend to make the succeeding 
flow smaller. Accordingly, the flow volumes for the 
preceding 24 hrs were tabulated and are the X, term. 


TABLE III 


COEFFICIENTS FOR THE MULTIPLE REGRESSION * FOR 
Eacu Tree For Each YEAR AND A SUMMARY 
For Eaco TREE FOR THE YEARS COMBINED 








TREE bo bi be bs 





1950 


+1.0384 +0.168 
+ 1.158 + 0.286 
+2135 +0340 


1951 


+0.935 +0.098 
+2019 +0.109 
+1920 +0.068 


1962 
+1431 +0310 
+2.725 +0.151 
+3.026 +0.127 

1953 
+2212 -0.014 
+3.131 -0.014 

Combined 


+1134 +0.295 
+1.778 +0.161 
+2387 +0.171 


457 — 2.388 
499 - 0.631 
500 -3.491 


+ 0.008 


+ 2.403 
+4447 
+ 5.933 


— 4.585 
499 - 2.521 
500 - 5.219 


499 + 5307 
500 + 16.225 


457 - 1.106 
499 + 2.741 
500 +3.780 





* Y" = bo + b1X1 + boX2 + bsXa+ DiXa. 


The flow data Y and X, are in arbitrary units and 
may be converted into ml! by multiplying each daily 
flow value by 90. The terms X, and Xz are in 
Fahrenheit units, for convenience in calculating. They 
may be converted to Centigrade degree-hours by 
multiplying by 0.56. In nature, the temperature may 
rise above 0° C although neither high enough nor long 
enough to thaw the tissues and permit a flow. There- 
fore, the convention was adopted that when X3 was 
less than 5, C is equal to zero, and otherwise has the 
value of 1.0. 

The yields of sap for each tree for each year are 
shown in table II, as well as the statistical evidence 
that there are significant differences in the yields be- 


TABLE IV 


CoeFFICIENTS OF SEPARATE DETERMINATION (d), CoEFFI- 
CIENTS OF MULTIPLE CoRRELATION (R?) AND VARIANCE 
Ratios (F = Recression MEAN Square/ResipuaL MEAN 
SquaRE) For MuttiPte Recressions Firrep To THE Data 
FoR Each Tree Each YEAR AND THE YEARS COMBINED 








VALUES 
or F 
FOR 

P=0.001 


Tare SY Le ds dy R? F 


1950 
457 600.8 063 .009 .125 


499 555.6 067 002 017 .525 
500 1124.2 105 006 044 632 


1961 

257 002 .466 

247 015 .568 

276 -—.006 .503 

1952 

438 .107 —.002 -.005 .538 

528 .040 .000 -.016 551 

465 .029 001 O11 .505 
1953 

000 028 013 .774 

000 .024 .050 801 

Combined 
079 .049 -.003 .459 


022 045 .003 476 
025 .048 -.001 .527 


457 = 633.1 .009 
499 10864 296 O11 
500 1433.6 .229 .003 


289.3 
624.8 
7714 


499 
500 


46.80 
58.75 


499 
500 908.2 


582.3 .733 
127 


21.74 
32.80 
40.42 


457 1523.2 
499 2849.1 
500 4237.4 


335 
406 
454 





tween the trees. The coefficients of the multiple re- 
gressions for each tree for each year, and for each 
tree for the years combined, are shown in table III. 
In comparing the yields of the three trees and the 
b-values, no consistent pattern is apparent from year 
to year. However, when the years are combined, the 
b, values are ranked in the same order as the total 
vield from the trees. In contrast, the bs values are 
essentially the same. The 6, values are in some years 
positive and in some years negative, negative when 
the seasonal effect is large at first and diminishes dur- 
ing the season, positive when the seasonal effect in- 
creases during the season. Contrary to the supposi- 
tion on which X, was defined, the coefficients by are 
positive, except in 1953. That is to say, large flows 
tend to occur on successive days, and there is no evi- 
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dence for the supposed depletion. Nevertheless, this 
term contributes somewhat to the regression and has 
been retained. 

The numerical values of the coefficients of any one 
equation cannot be compared, since they depend on 
the units chosen to represent the variables. The im- 
portance of the separate terms of the regression can, 
however, be compared by use of the coefficients of 
separate determination (Ezekiel, 3), and these are 
shown in table IV, for the regressions of table III, 
together with multiple correlation coefficients squared, 
R2, and ratios of residual to regression variance, F. 
It is apparent that the “conditioning” factor, X,, has 
the greatest value in prediction of flows. This is ap- 
parent in the combined values. 


DIscUSSION 


For many years it has been evident that a rela- 
tionship exists between tissue temperatures and the 
sap flow in maples. There have been, however, no 
published data attempting to demonstrate a quantita- 
tive relationship between differing temperatures and 
the volumes of sap flow. It has been possible in this 
analysis to account for a statistically significant por- 
tion of the flow for each of three trees for four years. 

Flow has been visualized in this analysis as de- 
pendent upon four independent variables derived from 
the temperature data. The two most interesting in- 
dependent variables are the temperature terms X, 
and Xg. With the exception of 1951, the X, term, 
the conditioning factor, makes the largest single con- 
tribution. The coefficient of separate determination d, 
indicates that X, accounts for the major portion of 
the flow (table IV). This is shown when the years 
are combined, as well as in individual years. It would 
appear, therefore, that variations in flow are more 
closely related to the preceding temperatures than to 
the temperatures at the time of the flow. Vv Data are 
not at hand to support adequately an hypothesis for 
the mechanism of flow, but these particular data do 
suggest that the Xg term, that of the temperatures 
prevailing on the day of the flow, has an indirect 
rather than a direct thermal effect on the tissues pro- 
ducing the flow. ¥ This strongly suggests a trigger 
mechanism. The Xy and X4q terms do not show a 
consistent pattern through the four years and possibly 
could have been left out of the analysis without seri- 
ous consequences. 

Although the four independent variables consid- 
ered here account for a significant portion of the flows 
observed, other factors undoubtedly influence the vol- 
ume of flow. Soil temperature and soil moisture are 
probably both important, during the sap flow season 
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and the preceding months. The rainfall and tempera- 
tures throughout the preceding months may also have » 
an effect. Data on these factors would be required to 
establish such relationships. 


SUMMARY 


Hourly data on the flow of sap from three sugar 
maple trees, Acer saccharum Marsh., during March 
and April of 1950, 1951, 1952 and 1953 have been 
obtained from an automatic recording device. Wood, 
bark, twig and air temperatures were recorded simul- 
taneously for the same trees. Preliminary study of 
the data showed that the flows were more closely re- 
lated to twig temperatures than to the other tempera- 
tures recorded, and twig temperatures have been used 
in a multiple regression analysis. A significant por- 
tion of the daily flow can be accounted for by a multi- 
ple linear regression of flow rate on 1) the number of 
hours during the day preceding the flow, when twig 
temperature was below 0° C; 2) the total volume of 
flow on the preceding day; 3) the number of degree- 
hours above a previous law, cumulated for the day of 
the flow; and 4) the serial number of the day of the 
flow. Of these 1) is of most importance, indicating 
that preceding temperatures are more important than 
current temperatures in determining the amount of a 
flow. The fact that flows characteristically begin after 
a rapid temperature rise above freezing suggests a 
“triggering” effect of temperature. 
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THE SALT RESPIRATION AND PHOSPHATE CONTENTS 
OF BARLEY ROOTS?” 


8. I. HONDA’ 


DEPARTMENT OF Botany, UNIVERSITY OF WISCONSIN, Mapison, WISCONSIN 


Phosphorylative coupling reactions are capable of 
controlling both respiration and fermentation by ad- 
justing amounts of phosphate acceptor and inorganic 
phosphate (19, 38). Salt-induced respiration which 
is associated with endergonic salt accumulation (23) 
may also be controlled by phosphorylative coupling 
reactions. While respiration generally was increased 
by DNP # which can release respiration from the con- 
trol of phosphorylation, salt accumulation was de- 
creased or completely abolished (29, 37). A direct or 
indirect participation of phosphorylative coupling re- 
actions in salt accumulation might be inferred. 

On the other hand, salt respiration may result 
from an effect of inorganic ions themselves, i.e., the 
ionic milieu may influence the rate of respiratory ac- 
tivity. Inorganic anions may have a “ coenzyme ” 
effect by balancing a temporary charge difference pro- 
duced in the separation of electrons from substrates 
and their subsequent transfer through the cytochrome 
system (22). It is difficult to formulate a mechanism 


to explain how ions can facilitate stoichiometric sepa- 
ration of charges unless ion-pair formation occurs. A 
salt-eytochrome complex may facilitate electron trans- 
fers similarly to those complexes proposed for the 


bridge transfer mechanism of electron transfer in the 
oxidation-reduction of metallic ions in solution (43). 

The possible salt influences upon the cytochrome 
system and the phosphorylative coupling system in 
the stimulation of respiration are not necessarily mu- 
tually exclusive effects. It is now well established 
that oxidative phosphorylations occur in the cyto- 
chrome system (20, 26). It is pertinent that some 
DNP effects on phosphorylations may be associated 
with its possible incorporation into the oxidation-re- 
duction complex (6). There is no evidence whether 
DNP prevents salt accumulation because it prevents 
net production of energy-rich phosphate bonds or 
whether it prevents salt accumulation and energy 
production independently of each other. 

This investigation was to obtain some evidence 
about the nature of salt respiration by determining 


1 Received September 27, 1955. 
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lows: DNP, 2,4-dinitrophenol; TCA, trichloroacetic acid; 
ATP, adenosinetriphosphate; ADP, adenosinediphos- 
phate; DNAP, desoxyribose nucleic acid phosphorus; 
RNAP, ribose nucleic acid phosphorus. 


the correlation of respiration of barley roots, treated 
in various ways, with the root contents of inorganic 
and organic phosphate. It was hoped to find whether 
the salt stimulation of oxygen uptake has effects on 
the phosphate contents similar to those often asso- 
ciated with the DNP stimulation of oxygen uptake. 


METHODS AND MATERIALS 


PREPARATION OF BARLEY: Roots of 5-day-old bar- 
ley seedlings (Hordeum vulgare, vars. Atlas 46 and 
Moore) were used as the experimental material. The 
seedlings were prepared according to a modification 
(13) of the procedure of Machlis (24). The roots after 
5 days growth were about 20 cm long and possessed 
few root hairs. 

RESPIRATORY MEASUREMENT: Respiration was de- 
termined by the direct manometric method of War- 
burg at 25° C. Usually 150 segments, either 5 mm or 
10 mm long, per 2.50 ml of solution were used. The 
root segments were initially in 2.00 ml of distilled 
water. After about 100 minutes when the respiratory 
drift of recently harvested root segments became 
negligible, 0.50 ml of test solution was tipped into the 
main chamber of the Warburg vessel. Oxygen up- 
takes were computed from time of tipping. The data 
presented for preliminary salt respiration and DNP 
studies are the averages of at least three but mostly 
five separate experiments at each point. 

Different DNP effects can result from variation of 
pH, concentration and temperature, and also from 
times of treatment. An extreme DNP effect on dif- 
ferent root regions is illustrated by the respiration of 
Moore roots treated with 2x 10M DNP. The total 
oxygen uptake of the 0 to 5 mm root regions was in- 
creased to 183 % of the water controls but respira- 
tion was reduced to 53 % of the water controls for 
the 5 to 10 mm region (where the root tip is the zero 
point). Because of the difference in sensitivity, dif- 
ferent concentrations of DNP were applied to the 
different root regions for the experiments on correla- 
tions of respiration with phosphate contents. These 
concentrations were known to bring about maximal 
increases in respiration for the particular regions. 
The particular effects reported for the preliminary 
studies were based upon a standard treatment of 
thirty minutes. DNP treatment times for the cor- 
relative tests with phosphates were 15, 30 and 60 
minutes. 

PHOSPHATE ANALYSES: Inorganic phosphate and 
total phosphate of the cold-TCA-extracts of the roots 
and the total phosphate of the cold-TCA-insoluble 
phosphate were determined directly by a modification 
of the Lowry-Lopez method (21). TCA-soluble or- 
ganic phosphate was calculated by the difference be- 
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RINSED ROOT SEGMENTS 


HOMOGENIZED IN 2 ML IOPC. TCA 


YRANSFERRED TO IS ML CENTRIFUGE TUBE 
( 3 WASHES | ML IO RC. TCA) 


> 
CENTRIFUGED 
(15 MIN, 1000 XG, IN REFRIGERATED CENTRIFUGE, 0-2? c) 


| 





f | 
SUPERNATANT- | RESIDUE 


RESUSPENDED 
bow 10 PC. TCA ) 
+H20 TO 6 ML 


ALIQUOTS FoR 


INORGANIC TOTAL 
PO, PO, 


CENTRIFUGAL FRACTIONATION 
AND RESUSPENSION, AS ABOVE 





a 
SUPERNATANT -2 








INORGANIC = TOTAL 
PO, PO, 


SUPERNATANT-3 FINAL RESIDUE 


INORGANIC =TOTAL TOTAL 
PO, PO, PO, 


Fic. 1. Extraction and fractionation procedure for 
phosphate contents in barley root segments. 


tween total cold-TCA-soluble phosphate and inor- 
ganic phosphate. 

One hundred and fifty segments of 10 mm length, 
weighing about 200 mg fresh weight, were removed 
from the Warburg vessels at 0, 15, 30 and 60 minutes 
after adding solutions containing KBr, DNP, KBr + 
DNP, or water. The segments were rinsed with ice- 
chilled distilled water on a Hirsch funnel. The seg- 
ments were homogenized in 2 ml of 10% TCA with a 
Potter-Elvehjem homogenizer chilled in a salt-ice mix- 
ture. The time from removal of the Warburg vessels 
from the temperature bath to completion of the ho- 
mogenization was less than 2.5 minutes. Further ex- 
traction and fractionation of the TCA homogenate 
followed the procedure outlined in figure 1. All ma- 
terials were ice-chilled. 

In the inorganic phosphate analyses, 2 ml aliquots 
from the TCA supernatants were added to 2 ml of 
sodium acetate reagent plus 4 ml acetate buffer re- 
agent. One ml of ascorbic acid reagent was added. 
The preceding steps were carried out with ice-chilled 
reagents and apparatus. After color development at 
room temperature for 10 minutes following the addi- 
tion of 1 ml molybdic acid reagent, the light absorp- 
tion of the solution at 660 mp was compared with that 
of a standard series containing up to 0.70 micromoles 
phosphate per tube. A model DU Beckman spectro- 
photometer was employed for the analyses. 

In the total phosphate analyses 0.5-ml aliquots of 
7 N sulfuric acid as required were added to 1-ml ali- 
quots of the TCA supernatants and to the entire cold- 
TCA-insoluble residues. The mixtures were digested 


over a microburner until clear, then decolorized with 
reagent-grade 30% H.O.. The digests were diluted 
to 8-ml and 2-ml aliquots from the diluted digests 
were added to 3 ml sodium acetate reagent plus 4 ml 
acetate buffer reagent. Subsequent steps were identi- 
cal to those used for the inorganic phosphate analysis. 

Compositions of the reagents for the modified 
Lowry-Lopez method were as follows: the molybdic 
acid reagent contained ammonium molybdate one gm 
in 100 ml 0.05.N sulfuric acid; the ascorbic acid re- 
agent contained one gram ascorbic acid in 100 ml 
water; the sodium acetate reagent was 1 M; and the 
acetate buffer (pH 4) was composed of equal volumes 
of 1N acetic acid and 0.25 M sodium acetate. 

The cold-TCA-insoluble phosphate fraction proba- 
bly contained mainly nucleic acid and the phospho- 
lipid phosphates. The cold-TCA-soluble organic phos- 
phate fraction probably contained the low molecular 
weight phosphate compounds, e.g., phytic acid, sugar 
phosphates, phosphopyridine nucleotides, ete. 

RESULTS 

PRELIMINARY STUDIES ON Root REsPIRATION, 
Effects of KBr: The root regions were examined for 
gradients to characterize the root behavior and to 
facilitate the correlative studies on phosphate contents 
and respiration. 

The increases in respiration on addition of a par- 
ticular KBr concentration to the apical segments, i.e., 
the salt respiration, were smaller than those for basal 
segments (figs 2 and 3); but the total respiration was 
greater in the apex (25). 

For both Moore and Atlas 46 barley only a low 
concentration of KBr was necessary to induce a near- 
maximal salt respiration (fig 4). For later experi- 
ments 0.05 KBr was chosen as a convenient concen- 
tration to induce a marked salt respiration. 

Effects of DNP: The concentration of DNP for 
maximal oxygen uptake was substantially the same as 
that for maximal stimulations of various other tissues 
(3, 28). For a 30-minute treatment this generally oc- 
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Fic. 2 (left). Root gradient of oxygen uptake by 
Atlas 46 barley after 30 minutes in water and KBr (0.5 
cm segments). 

Fic. 3 (right). Root gradient of oxygen uptake by 
Moore barley after 30 minutes in water and KBr (0.5 em 
segments). 
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Fic. 4 (left). Oxygen uptake by Atlas 46 roots (10 
to 15 mm region) and Moore roots (0 to 5 mm region) 
after 30 minutes in water and KBr. 

Fic. 5 (right). Oxygen uptake by Moore roots after 
30 minutes in DNP (averages of all regions tested). 


curred with DNP between 5x 10 to 5x 10°M (fig 
5). As pointed out earlier, the type and degree of 
response also depended upon the root region. 
Respiration of the same root regions was some- 
times affected differently by the same DNP treatment. 
For DNP lower than 3 x 10* M inhibitions never re- 
sulted for any root region, whereas for DNP greater 


than 10° M _ inhibitions often occurred. The usual 
effect was to increase respiration between these DNP 
concentrations. As no buffers were added, fluctuation 
of solution pH probably induced variable effects re- 
flecting. the effectiveness of DNP reaching its sites of 
action. 

PHOSPHATE CONTENTS AND OXYGEN UPptTaKEs, /n- 
itial Phosphate Contents: Table I presents the initial 
phosphate contents of the Moore barley used for cor- 
relation studies between oxygen uptake rates and 


phosphate contents. Phosphate contents of the root 
segments after various treatments are not given di- 
rectly but in terms of correlations. Changes in phos- 
phate contents were small and of no discernible pat- 
tern in themselves. Loss of phosphate from the roots 
occurred in all treatments involving DNP. However, 
the losses (about 1% in 60 min of the total initial 
content) could not be specifically related to change in 
any phosphate fraction. 

A significant positive correlation was found be- 
tween TCA-insoluble phosphate and TCA-soluble or- 
ganic phosphate (table II). No other correlation was 
found between the various phosphate fractions. 

Respiration of Roots in Water: There was a high 
positive correlation between the respiration rate of 
roots in water and the cold-TCA-insoluble phosphate 
per segments (fig 6 and table III). Respiration was 
not found to be correlated with any other phosphate 
fraction. 

Figure 8 presents a transformation of the linear 
lines of best fit of respiration rate per segments (fig 
7) into specific respiratory activities (oxygen uptake 
per hour per micromole cold-TCA-insoluble phos- 
phate) plotted against TCA-insoluble phosphate con- 
tent. The cluster of scatter points for roots of high 
phosphate content were from the 0 to 10 mm apical 
segments in all cases (figs 7 and 8). The curves are 
not extrapolated beyond the extreme values of TCA- 
insoluble phosphate content found for the 0 to 30mm 
root region. Thus these transformed curves represent 
the gradient of specific respiratory activity only be- 
tween the 0 to 30 mm region. It appears that the 
specific respiratory activity of regions more basal 
would not have changed much since respiration (figs 
2 and 3) and phosphate content (table I) had reached 
or approached constant values per regions. 

For roots in water, in contrast to the oxygen up- 
take rate per segments (figs 2 and 3) the specific 
respiratory activities were greater for the root regions 


TABLE [| 
PHOSPHATE CONTENTS OF Moore Bartey Root SEGMENTS BEFORE TREATMENT 


KBr + DNP 





witH Water, KBr, DNP, anp 





REGION FROM 
APEX 


TREATMENT 


FRESH WT 


Cotp-TCA- 
INSOLUBLE 





Cotp-TCA-SOLUBLE 





OrGANIC INORGANIC 





mm 


mg/150 segments 


micromoles PO,/150 segments 


0-10 
0-10 
0-10 


10-20 
10-20 
10-20 


20-30 
20-30 
20-30 


165 + 0.9 * 
186 + 0.6 
183 + 0.6 


207 + 13 


2.06 2.88 1.23 
1.83 2.92 0.89 
1.82 2.35 0.74 


0.91 2.30 1.03 
0.67 2.13 0.52 
0.70 1.51 1.13 


0.57 2.03 
0.67 2.33 
0.76 1.49 


5+2** 
5+1 
5+2 


5+3 
5+3 
5+4 


DNP 
KBr + DNP 








* Standard error of the mean, corrected for number of cases, seven. 

** Roots were harvested from 5-day-old seedlings and the segments stored for two days at 7° C in distilled water. 
The segments from different root regions for each treatment, e.g., all KBr-treated segments, are from the same 
plants but stored for different times after harvest. 
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TABLE II 


CorrRELATION * BETWEEN THE PHOSPHATE CONTENTS OF Moore Bartey Roor SEGMENTS 
BEFORE TREATMENT WITH WarTER, KBr, DNP, anp KBr +DNP 








PHOSPHATE FRACTIONS CORRELATIONS 





MEASUREMEN 
MEASUREMENT INSOLUBLE-ORGANIC 


(X) (Y) 





Coeff of correlation, r 0.67 + 0.18 ** 
Cocff of regression, b 7 0.61 + 0.28 
Intercept, aT 1.53 
Standard error of estimate (X), 

micromoles PQ,/150 seg .... 0.43 
Standard error of estimate (Y), 

micromoles PO,/150 seg .... 0.35 
Number of cases ............. 9 





* All values corrected for number of cases. 
** Significant at P = 0.05. 
+ Calculations for the line of regression Y = a+bX, by 


located progressively more distant from the root apex 
(fig 8, water control). 

Respiration of Roots in KBr Solution: The corre- 
lation of specific respiratory activity with insoluble 
phosphate content (fig 8) illustrates in another form 
the relationship shown in figures 2 and 3. The basal 
regions containing lower amounts of cold-TCA-insolu- 
ble phosphate had not only a greater net salt respira- 
tion rate per segments but also a greater net salt 
respiration rate per metabolizing unit as estimated by 
TCA-insoluble phosphate. 

The slope of the regression curve for the correla- 
tion between respiration rate per segments and the 
TCA-insoluble phosphate content was significantly 
different from the water control and the DNP-treated 
roots (table III). Correlation between respiration rate 
and insoluble phosphate remained high and significant. 

The respiration rate of the KBr-treated roots was 
not significantly correlated with inorganic or organic 
phosphate. 





INSOLUBLE-I NORGANIC Oncanio-INosaanic 
(X) (Y) (X) (Y) 
0.23 + 031 0.24+ 031 
0.18 + 0.73 0.19 + 0.59 
0.66 0.44 


0.56 0.46 


0.24 
9 


the method of least squares. 


Respiration of Roots in DNP Solution: The net 
DNP effect on specific respiratory activity was essen- 
tially independent of the amount of respiring ma- 
terials, thus independent of the root regions tested 
(fig 8). It is emphasized that this is quite different 
from the DNP effects viewed from respiration rate 
per segments (fig 7). DNP failed to abolish the dif- 
ferential specific respiratory activicy gradient along 
the root axis (fig 8, DNP treatment compared with 
the water control). 

Although a negative correlation between respira- 
tion rate per DNP-treated segments with organic 
phosphate was found (r=-0.22 + 0.40) it was not 
significant. However, the correlation was significantly 
different (P = 0.01) in the direction expected from the 
correlation for the water control (r=+0.34 + 0.17). 
Neither was the correlation of respiration with inor- 
ganic phosphate significant (r=+0.53 + 0.27) nor 
was it significantly different from the correlation for 
the water control (r=+0.14 + 0.20). 


TABLE IIT 


CorRELATIONS * BETWEEN OXYGEN UPTAKE AND THE Cotp-TCA-INSOLUBLE PHOSPHATE OF MOoRE 








MEASUREMENT 





Coeff of correlation, r7 ... 0.91 + 0.04 77 
Coeff of regression, b,8 
ul O2/micromoles PO, x hr 
Standard error of estimate, 
ul O./hr x 150 seg 85 6.8 
Standard error of estimate, 
_Mmicromoles PO,/150 seg .. 0.24 
Number of cases 27 


326 + 3.077 16.1 





* All values corrected for number of cases. 


Bartey Roots Treated witH Water, KBr, DNP, ano KBr + DNP (Fic 7) 


0.84 + 0.11 


TREATMENTS 


0.05 M KBr 


DNP ** KBr + DNP 


0.94 + 0.04 092+ 0.07 


+34¢ 548 +6414, tt 648 + 10.5%, tt 


10.2 11.2 


0.18 0.16 
9 8 


**10° M DNP treatment for the 0-10 mm region and 5x 10° M for other regions. 


+ Ali values significant at P = 0.01. 
+7 Standard error. 
t Significantly different from the H:O treatment at P 


= 0.01. 


tf Significantly different from the KBr treatment at P= 0.01. 


* Calculated for the line of regression ul O. uptake/hr 


x 150 seg =a +b x (micromoles PO,/150 seg). 
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Fic. 6 (left). Oxygen uptake by Moore roots in water as a function of the cold-TCA-insoluble phosphate con- 
tent (scatter points and least squares line for segments from the 0 to 10, 10 to 20, and 20 to 30 mm regions). Details 


as in table III. 
Fig. 7 (right). 


Oxygen uptake by Moore roots treated with water, KBr, DNP, and KBr+DNP as a function 


of the cold-TCA-insoluble phosphate content (scatter points for the DNP treatment; least squares lines for all treat- 


ments and for segments from the 0 to 10, 10 to 20, and 20 to 30 mm regions). 


Respiration of Roots in KBr + DNP Solution: Fig- 
ure 8 shows that the KBr+DNP treatment incorpo- 
rated characteristics of the separate KBr and DNP 
treatments. However, the effects were not additive. 
Simultaneous application of KBr and DNP resulted in 
a positive correlation of respiration not only with 
cold-TCA-insoluble phosphate (table III) but also or- 
ganic phosphate (r=+ 0.77 + 0.07, P < 0.05). 

Discussion 

PHOSPHATE CONTENTS: The phosphate contents 
of the barley roots were of the same magnitude, 15 to 
40 micromoles per gram fresh weight, as those in 
wheat roots (9). The barley root phosphate (aver- 
aged from all root regions) consisted of 24% TCA- 
insoluble phosphate and 76 % TCA-soluble phosphate 
of which 29 % was inorganic phosphate and 71 % was 
organic phosphate. 

The wheat roots of Butler (9) grown in balanced 
nutrient solution contained essentially the same or- 
ganic phosphate content as the barley although hav- 
ing up to twice the total phosphate of the barley roots, 
owing mainly to inorganic phosphate. An important 
experimental difference was the presence of orthophos- 
phate in the solution bathing Butler’s roots whereas 
the barley roots were initially in phosphate-free solu- 
tions. The roots prepared by the methods of Machlis 
(24) possessed a few root hairs in contrast to the 
wheat roots. These factors possibly affecting the up- 
take of inorganic phosphate may partially account for 
the smaller proportion of inorganic phosphate in the 
barley roots compared with wheat. Growing barley in 


Details as in table ITI. 


phosphate solutions for 5 days increased the inorganic 
phosphate content without affecting the phosphate 
ester content (2). 

RESPIRATION AND PHOSPHATE CONTENTS: The 
high positive correlations between respiration rate and 
cold-TCA-insoluble phosphate per segments was 
probably a reflection of the association of phosphates 
with metabolically active materials, e.g., nucleopro- 
teins and lipoproteins. The correlation is probably 
similar to the association usually found between pro- 
tein nitrogen and respiration. 

The levels of TCA-insoluble phosphorus were of 
the same magnitude, 0.11 mg/gm fresh wt for the 10 
to 20 mm root regions, compared to the DNAP plus 
RNAP of Vicia faba roots, 0.13 mg/gm fresh wt for 
the 12 to 20 mm root regions (12). These regions in 
Vicia faba and barley are presumably in the fully 
elongated cell region and thus presumably compara- 
ble with respect to physiological age. The relative 
proportions of RNAP to DNAP were roughly con- 
stant (4:1) in the various root regions of Vicia faba 
(12). By analogy in the barley the correlation be- 
tween respiration rate and TCA-insoluble phosphate 
may not be influenced by phosphorus in the nuclei. 

The data of James and Arney (15) from seedlings 
did not show a correlation between respiration and 
“residual phosphate” (TCA-insoluble phosphate). 
However, they found a positive correlation between 
“ esterified phosphate ” and carbon dioxide production. 
It should be noted that James and Arney_in their cal- 
culations used total seedling respiratory ‘activity over 
the 12 hours previous to phosphate extractions. The 
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Fic. 8. Specific oxygen uptake by Moore roots treated 
with water, KBr, DNP, and KBr+DNP as a function of 
cold-TCA-insoluble phosphate content (transformation 
of fig 7). 


data presented here were from roots only, and the 
respiratory activity was for the 15 minutes prior to 
phosphate extraction. 

Since there was a high positive correlation between 
respiration and TCA-insoluble phosphate under all 
conditions tested, the insoluble phosphate was used to 
express specific respiratory activity, i.e., respiration 
rate per respiratory center. 

The respiration of roots in water was not found 
to be correlated with inorganic or organic phosphate. 
The possibility is not excluded that the respiration 
rate could be highly correlated with individual phos- 
phate compounds such as ATP. At the time of this 
investigation, methods were not available to estimate 
the amounts of ATP in the 200 mg fresh wt, of root 
tissue used. 

Errects oF DNP: If respiration were limited by 
amounts of acceptor, a negative correlation with or- 
ganic phosphate and a positive correlation with inor- 
ganic phosphate might be established. In the presence 
of DNP a conversion of ATP to ADP usually occurs, 
effectively increasing the acceptor and inorganic phos- 
phate content while lowering the total organic phos- 
phate; the respiration might then be expected to 
become greater as the effective organic phosphate 


content became lower. Some evidence for a negative 
correlation of respiration rate with organic phosphate 
was found in DNP-treated roots. Since the bulk of 
the organic phosphate was probably not acting as 
acceptor a higher correlation was probably obscured. 

One DNP effect in increasing respiration may re- 
sult from rendering the mitochondria “leaky ” (42). 
The salt transport system may be intact so that salt 
lost from the mitochondria activates salt respiration. 
Thus, an increased respiration in KBr+DNP above 
that of roots in KBr or DNP alone could result from 
an increased rate of salt leakage. Alternatively, hy- 
drogen ions produced in salt respiration may sup- 
press the ionization of weak electrolytes so that DNP 
has more ready access to sites of action (cf. syner- 
gistic effects of DNP+KBr, fig 8, and Robertson, 
Wilkins and Weeks (37)). 

ConTROL OF BARLEY Roor RESPIRATION: In con- 
trast to the oxygen uptake rates per segments, in 
water, the specific respiratory activities (i.e., activ- 
ity/TCA-insoluble phosphate) were greater for the 
root regions located progressively more distant from 
the root apex. The increase in specific respiratory ac- 
tivity was pronounced compared with the gradient of 
pea root respiration per protein nitrogen (7). Cyto- 
plasmic protein not concerned directly with respira- 
tion may have diluted any gradient for the pea. 

If phosphorylative coupling reactions were the 
limiting control on respiration of the barley roots, 
the specific respiratory rate (not the rate per seg- 
ments) induced by DNP should have reached the 
same maximum everywhere along the root axis. Since 
the marked differential along the roots did not disap- 
pear under DNP treatment, control by phosphory- 
lative coupling reactions probably was not dominating 
and another control system exists. The lack of cor- 
relation between the respiration rate of roots in water 
and the content of inorganic and organic phosphate 
is consistent with this view. 

Upon DNP treatment respiration was increased 
and became partially correlated with organic phos- 
phate. Thus, although not quantitatively assessable 
from the data, the respiration of the roots showed the 
properties expected if it were partially controlled by 
phosphorylative coupling reactions. It is suggested 
that the degree of respiratory control by phosphory- 
lative coupling reactions cannot be determined by 
only the DNP effect on respiratory rate. 

Satt Respiration: The net salt respiration of 
barley root segments was minimal for the apical re- 
gions although the endogenous respiration was maxi- 
mal compared with the more basal regions. As in 
other tissues only a slight amount of salt (2x 10-3 M 
KBr) was required to induce a near-maximal salt 
respiration. 

The differential increase in respiration along the 
root axis induced by KBr can be explained if salt ac- 
cumulation were a function of vacuolation as pro- 
posed by Brown and Cartwright (8). The apparent 
lack of salt respiration in the non-vacuolated regions 
can be explained if the salt transporting system and 
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salt respiration were already saturated. Possibly the 
mitochondria, in the cells with little or no vacuola- 
tion, have a salt respiration maintaining a concen- 
tration of salt in the mitochondria (36). If transfer 
of salt to vacuoles cannot occur (32), salt respiration 
need only balance a salt leakage from the mitochon- 
dria (36) and could be the portion of the respiration 
in water inhibited by cyanide (27). 

The lack of salt respiration in the apex cannot be 
ascribed to the apex already having a maximal res- 
piration rate since DNP increased the respiration of 
the apex and the specific respiratory activity of the 
apex was low in comparison with other regions. 

Respiration to offset leakage from vacuoles may 
be slight since leakage across the tonoplast membrane 
appears to be slow (1, 41). It is pertinent that some 
vacuolated tissues possess a basal respiration in water 
which is insensitive to cyanide (34), i.e., a cyanide- 
sensitive salt respiration may become nil after salt 
has been transferred to the vacuoles (33). 

The effects of KBr and DNP upon the respiratory 
activity cannot be due entirely to analogous effects. 
It is unlikely that salt activates salt respiration by an 
energy drain whereby ADP is made available since 
the correlation of root respiration with organic phos- 
phate content for KBr-treated roots was not similar 
to the correlation for the DNP-treated roots. 

Comparative studies indicate that spatial separa- 
tion of hydrogen ions from electrons during their 


passage from substrates to oxygen in the cytochrome 
system may be required for salt accumulation in 
plants or acid secretion in gastric mucosae of animals 
(32). The effect of DNP, apart from preventing the 
normal production of ATP, is to suppress salt ac- 


cumulation (37). Thus DNP may abolish accumula- 
tion by preventing the prolonged separation of hy- 
drogen ions from electrons during salt respiration 
rather than by an inhibition of net ATP production. 
Keynes (18) maintains that “. .. there is no com- 
pelling proof that ATP plays a direct role in driving 
active transport systems. .. .” 

CYTOCHROME SysSTEM AND SALT RESPIRATION: 
This investigation arose from the identification of salt 
respiration with cytochrome respiration. If salt res- 
piration is cytochrome respiration in barley roots in 
what way does salt increase the activity of the cyto- 
chrome system? The evidence presented does not 
indicate that salt respiration is directly controlled by 
phosphorylative coupling reactions. The following 
discussion concerns various pertinent evidence on 
the above points. 

EVIDENCE FoR A SALT-CyTOCHROME RESPIRATION 
IN Barutey: While several different terminal oxidases 
may function in barley roots (16), cytochrome oxi- 
dase is assumed to mediate salt respiration. The iso- 
lation of a “mitochondrial” cytochrome oxidase from 
2- to 10-day-old barley roots (14) is consistent with 
a mitochondrial cytochrome system associated with 
salt accumulation as proposed by Robertson (31). 
Moreover, although only a fraction of the respiration 
of roots in salt was dependent upon the cytochrome 


system as shown by the effects of carbon monoxide, 
the uptake of potassium and bromide was completely 
dependent (29). 

There is agreement on the presence of cytochrome 
oxidase in roots of barley up to 6 days old (13, 14, 
16, and 29). It is possible that conflicting evidence 
for older barley is due to varietal differences of the 
barley examined and the use of different portions of 
the root. James and Boulter (16) used only the api- 
cal meristematic region and found progressively less 
cytochrome activity with increasing age. Continual 
cell division may deplete the cytochrome complement 
faster than it is replaced so that the root tips of pro- 
gressively older seedlings display less and less cyto- 
chrome activity (Spiegelman, 40). 

Hypothetically, the activity of any metallo-termi- 
nal oxidase system might be facilitated by salt as 
Lundegardh (22) suggested for the cytochrome sys- 
tem. Consequently it is interesting that ascorbic 
oxidase was claimed to support salt accumulation in 
barley roots (39). However, this claim rests upon the 
assumptions that (a) diethyldithiocarbamate inhibited 
respiration and salt accumulation as it inhibited as- 
corbic oxidase, (b) cytochrome oxidase was absent, 
and (c) the uptake of salt was by active salt accumu- 
lation. 

The specificity of diethyldithiocarbamate in vivo 
for ascorbic oxidase cannot yet be assumed. Not only 
may it inhibit succinic dehydrogenase after being: oxi- 
dized (17), but it may also inhibit copper enzymes, 
other than ascorbic oxidase, which operate a sequence 
of electron transfers to a cytochrome system (the 
constitution of DPNH oxidase (11)). 

Russell (39) may be correct in that ascorbic oxi- 
dase supports salt uptake but the root tip which 
he studied is different from the more mature root re- 
gions not only in its salt respiration being slight and 
its enzyme complement possibly being different (16), 
but probably also in its salt accumulation being slight 
owing to lack of vacuolar development (8). The dif- 
ference thus must be clearly distinguished between 
salt uptake, which may occur by exchange adsorp- 
tion and a Donnan adjustment, and active accumula- 
tion of salts free in solution against concentration and 
chemical gradients (Robertson, 32). Russell’s pro- 
posals based upon excised barley root tip experiments 
are not necssarily applicable to the mechanism of salt 
accumulation but perhaps to other metabolic effets, 
for example, production of binding sites in the cyto- 
plasm. 

MECHANISM OF SALT INCREASING RESPIRATION: 
The effect of salt may be direct or indirect in increas- 
ing respiration associated with salt accumulation. Sug- 
gestions for a direct effect are here based ultimately 
upon the 4:1 ratio of accumulation to salt respira- 
tion rates demonstrated by Robertson and Wilkins 
(35). The stoichiometry would be difficult to explain 
by an indirect effect such as a Helmholtz double-ion- 
layer phenomenon whereby salts modify the zeta po- 
tential of interfaces between the cytoplasm and, for 
example, mitochondria. If, however, the 4:1 ratio 
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were fortuitous then effects of ionic milieu must be 
considered. If the stoichiometry of accumulation to 
oxvgen uptake is correct then a direct interaction 
must be involved in accumulation and possibly also 
in the stimulation of respiration. For example, salt 
may act through some variation of-ion-pair formation. 

In the ease of a specific salt interaction, a profita- 
ble approach appears to be through study of the cyto- 
chromes. Some evidence has already been found for 
salt-cvtochrome interactions. During oxidation in the 
cytochrome system a complex with cytochrome may 
incorporate inorganic anions and cations and may 
facilitate oxidation (6). The way in which a chloride 
complex facilitates the oxidation of a ferrous ion by 
a ferric ion (43) may be analogous to oxidations of 
the cytochromes in salt respiration. Further evidence 
for inorganic ion interactions with the cytochrome 
system are anionic effects on the magnetic suscepti- 
bility and Soret band of ferricytochrome ¢ (4), stimu- 
lating effects of cations upon the mitochondrial cyto- 
chrome system (30) and of anions upon the autoxida- 
tion of cytochrome ec (5), salt stimulations of the 
mitochondrial eyochrome system of pea seedlings (10). 


SUMMARY 


Phosphate contents of barley roots varied accord- 
ing to the region, ranging between 15 to 40 micro- 
moles/gm fresh weight. The percentage distribution 
of the different phosphate fractions (averaged over 
the 0 to 30 mm root region) was 24% cold TCA- 
insoluble phosphate and 76 % TCA-soluble phosphate 
of which 29 % was inorganic and 71 % organic phos- 
phate. 

A low concentration of KBr (ea 2x 10 M) in- 
duced a near-maximal salt respiration and DNP about 
10-5 MI induced maximal increases in respiration de- 
pending upon the root region. 

Respiration under all conditions tested was signifi- 
cantly correlated (r=+0.84 + 0.11 to r=+ 0.94 + 0.04) 
with the TCA-insoluble phosphate content, presuma- 
bly reflecting the association between respiration and 
the metabolizing materials, e.g., nucleoproteins and 
lipoproteins. Respiration was generally not correlated 
with inorganic or organic phosphate content. 

Barley roots not only displayed a_ respiratory 
gradient per segment which decreased progressively 
from the apex but also a salt respiration which in- 
creased progressively from the apex. Estimation of 
the activity per respiratory center, however, showed 
that the apex had the least specific respiratory activ- 
ity under all conditions tested. 

The effects of DNP indicated a minor degree of 
control of respiration by phosphorylative coupling 
reactions. Since the specific respiratory gradient 
along the root axis was not abolished by DNP treat- 
ment, the presence of another control system is in- 
ferred. 

Lack of salt respiration in the root apex cannot be 
attributed to respiration already occurring maximally 
since DNP increased respiration and the specific re- 
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spiratory activity was low compared to other root 
regions. 

The effects of KBr and DNP are discussed in rela- 
tion to the nature of salt respiration. 
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QUANTITATIVE DETERMINATION OF BUCKWHEAT FLAVONOID 
SUBSTANCES BY DIRECT ABSORPTIOMETRY 
OF PAPER CHROMATOGRAMS? 


JAMES R. TROYER 3 
DEPARTMENT OF BotraNy, CotuMBIA UNIverSITY, NEw York 27, New York 


Analytical methods developed for flavonoid com- 
pounds have in general not been adequate for com- 
plex mixtures of these substances. A gravimetric 
procedure for rutin in plant materials (12) is time- 
consuming and unsatisfactory when the rutin concen- 
tration is small. Various non-specific methods (5, 
20) and spectrophotometric techniques (18, 19) are 
applicable only to substances occurring singly or at 
most in pairs. Since the number of such described 
methods is large, only representative examples are 
cited here. 

For work with buckwheat seedling material in 
which five flavonoids occur together (17) none of the 
above procedures could be applied directly. Attempts 
at preliminary separation by solvent extraction or 
various other means failed completely; only by paper- 
chromatographic techniques could the five substances 
be separated, and then only in small amounts. Elu- 
tion procedures involving leaching of separated chro- 
matogram strips with ethanol (13), ethanol acidified 
with HCl (7), aluminum chloride solution (8), or 
ethanol-ethyl acetate (6), could not be used since 
none of these removed all of the materials from the 
paper quantitatively. 

It was necessary, therefore, to search for a method 
of analysis which does not require removal of the 
substances from the developed chromatograms. 
Many such methods have been described, all of which 
utilize a relation between amount of substance and 
some measure of zone dimension. Several devices 
have been used to measure the light absorption of 
substances on filter paper strips (3, 4, 14, 15, 16). 
In the present work modifications of two such tech- 
niques—those of Tennent, Whitla, and Florey (16) 
and of Paladini and Leloir (14)—have been applied 
to the estimation of rutin and four other buckwheat 
flavonoids. This direct absorptiometric procedure 
has proved adequate for the simultaneous determina- 
tion of small quantities of these five substances in 
mixtures. 


EXPERIMENTAL 


GENERAL DeEsCRIPTION OF PROCEDURE: For scan- 
ning the paper strips an adapter to fit the l-cm cell 
compartment of the Beckman DU spectrophotometer 
is used. This is essentially similar to that described 
by Tennent, Whitla, and Florey (16), except that the 
window is larger (0.9 em wide by 2.1 em high) in or- 
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der to allow use of wider paper strips (14). Known 
volumes of the solutions to be analyzed are spotted on 
strips of Whatman No. 1 filter paper 2.5 em wide and 
of suitable length; these are subjected to chromatog- 
raphy and dried. A blank strip is carried through 
the chromatographic procedure. For scanning, the 
spectrophotometer is set at zero at an appropriate 
wavelength against a piece of unused filter paper, 
with the selector switch at 1.0 if possible. A strip- 
chromatogram is then wound onto the spools of the 
adapter and oriented with the starting line at the edge 
of the window, the latter being placed on the side of 
the cell compartment nearer the phototube housing. 
The shutter is opened and the instrument brought to 
balance with the density knob. The strip is then ad- 
vanced an arbitrary distance as measured by the 
revolution-counter of the adapter. By repetition of 
this procedure the absorbance values at equal inter- 
vals along the length of the strip are recorded. The 
instrument is reset at zero before each scanning, and 
the blank chromatogram is treated in the same man- 
ner as the others. Inspection of the absorbance 
values will reveal the limits of each zone on a particu- 
lar strip; these locations may be checked by treating 
the scanned strips with a suitable reagent. For quan- 
titative estimation the areas under the curve absorb- 
ance vs. distance along the chromatogram are meas- 
ured; these raw areas are corrected by subtracting 
the area values for similar portions of the blank strip. 
Such use of a blank makes the filter paper used in 
balancing the spectrophotometer a less critical factor. 
Finally, quantities corresponding to the measured 
areas are calculated by use of a standard curve for 
each substance. 

In the present work the upper layer of the system 
chloroform—isobutanol-water (2-4-4 by volume) was 
used for chromatography. The prepared strips, 57 
em long, were equilibrated with the solvent vapors for 
24 hours; development was downward for 15 to 18 
hours, the solvent being allowed to drip from the bot- 
toms of the strips. Scanning was carried out at 350 
My, using the tungsten lamp; absorbance values were 
read at equilinear intervals of approximately 5 mm. 
Locations of the zones were checked through use of 
aluminum chloride reagent and observation under 
ultraviolet light. Since absorbance readings were 
made at equal intervals of distance, it was convenient 
to estimate areas under the absorbance vs. distance 
curve by the purely computational trapezoidal ap- 
proximation (21). Any of several other methods for 
measuring areas could, of course, be employed if 
desired. 

Sranparp Curve For Rutin: Five-microliter vol- 
umes of five rutin solutions of known concentration 
were applied to paper strips which, along with a 
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blank, were carried through the above chromato- 
graphic and scanning procedure. Eight replications 
were prepared in all, each on a different day. Dif- 
ferent batches of solvent were used for each set, and 
such routine matters as order of spotting on strips, 
position in the chromatographic chamber, and order 
of scanning were arranged by reference to a table of 
random numbers. 

APPLICATION TO BUCKWHEAT Extract: In order 
to test the suitability of the method for use with 
plant material, an ethanolic extract of cotyledons of 
green buckwheat seedlings (Fagopyrum esculentum 
Moench var. Japanese), known to contain rutin and 
four other flavonoids (17), was prepared. Four dif- 
ferent volumes of this extract were analyzed in three 
replications with procedures randomized. 

RECOVERY OF RuTIN: Five amounts of pure rutin 
were measured, each in three replications with ran- 
domized procedures. Rutin recovered was calculated 
from the standardization data. 

Recovery OF RuTIN IN BucKWHEAT EXTRACT: 
Three known amounts of pure rutin were applied to 
strips, in each case with a specific volume of the ex- 
tract of green buckwheat cotyledons. Three replica- 
tions were analyzed, following randomized procedures, 
and the amounts of rutin recovered calculated from 
the standardization data. In analyzing the results 
of this experiment the figures for total actual rutin 
were obtained by summing the values for rutin al- 
ready present in the volume of extract used and the 
values for rutin added. 


RESULTS AND DISCUSSION 


The principal justification of the proposed method 
is empirical. Nevertheless, a brief statement of cer- 
tain relevant facts may indicate some of the possible 
sources of error in the described procedure: (a) the 
physical condition of a substance in a spot on a 
chromatogram is unknown; (b) distribution of ma- 
terial in a chromatogram spot is irregular; (c) varia- 
tions in background absorption occur, owing to non- 
uniformity of structure of the filter paper; (d) the 
spectrophotometer may be subject to zero drift; (e) 
the light beam of the spectrophotometer possesses 
finite dimensions; (f) in certain positions only part 
of the spot width may be covered by the light beam; 
(g) in other positions, especially at the leading and 
trailing edges, not all of the beam passes through the 
spot. The bearing of these and other considerations 
on error in methods of this sort has been discussed 
adequately by others (1, 2, 3, 4, 14, 16). It is in- 
teresting to note that Liebhafsky and Pfeiffer (10) 
have suggested a theoretical foundation for such tech- 
niques as this. 

In the case of the buckwheat flavonoids a single 
scanning of each chromatogram strip at 350 my is 
adequate for all zones even though maximum absorp- 
tion does not occur at this wavelength in all instances. 
Absorbance vs. distance curves for two amounts of 
pure rutin and for a buckwheat extract are shown in 
figure 1A and 1C. The peaks corresponding to the 


five flavonoid substances are easily distinguished, and 
the effect of quantity on the shape and height of the 
rutin curves is apparent. In the latter connection it 
should be noted that in the solvent system used flavo- 
noid substances tend to “streak” into elongated zones 
when chromatographed singly. In mixtures, however, 
such streaking is reduced and the individual spots are 
distinctly separated provided too large a quantity of 
material is not used. Compare, for example, the 
elongated rutin zone obtained when that substance is 
chromatographed alone (fig 1A) with the short, dis- 
tinct zone given by rutin in a buckwheat extract (fig 
1C, zone e). In the present work any chromatogram 
which showed overlapping of spots was discarded. 
Figure 1B depicts curves obtained by scanning 
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Fic. 1. A-C. Absorbance vs distance plots for paper 
chromatograms developed with the upper layer of chloro- 
form-isobutanol-water (2-4-4 by volume), then scanned 
at 350 mu. A. Two amounts of pure rutin: solid line, 
16 ug; broken line, 10 ug. “Streaking” is quite notice- 
able in the case of the larger quantity. B. Blank paper 
strip: solid line, before development with solvent; 
broken line, after development. C. Extract of green 
buckwheat cotyledons showing peaks corresponding to 
the five flavonoid substances. “Streaking” of spots is at 
a minimum. 

D. Rutin standardization data. Each point is the 
mean of 8 observations; vertical bars represent 95% 
confidence limits for the means. The fitted least-squares 
line through the origin is also shown. 

E. Area-quantity plots for the 5 flavonoid substances 
present in the extract of green buckwheat cotyledons. 
Each point is the mean of triplicate analyses. For each 
substance the fitted line through the origin is shown. 
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the sume blank paper strips before and after develop- 
ment with the chloroform—isobutanol-water system; 
no effect of this solvent on absorption by the paper at 
the stated wavelength is noted. The obvious varia- 
tion in absorption at different points on the strip 
should probably be attributed to non-uniform paper 
structure. 

Data for the rutin standardization analyses are 
presented in figure 1D. Variation among the repli- 
eates for each concentration was rather large, but a 
plot of mean areal units vs. micrograms rutin ap- 
proximated a linear relationship. A straight line of 
the form y= bx was therefore fitted to the data by 
the method of least squares. In order to test the 
hypothesis that the mean areas fall on a line through 
the origin analysis-of-variance techniques were em- 
ployed; at the 5% level the hypothesis that the re- 
gression is linear and through the origin was accepted. 
Subsequent calculations for rutin were made on the 
basis of the fitted equation. 

Results of the test of the applicability of the 
method to buckwheat extracts are depicted in figure 
1E; here are plotted the means of the triplicate an- 
alyses for each of the five flavonoid substances present 
in the extract, together with the fitted least-squares 
lines through the origin. For each material deviations 
from a regression of the form y=bx were adjudged 
to be insignificant at the 5 % level after analysis-of- 
variance tests. These results suggest that the method 
may be applied to a mixture to secure quantitative 
values of a relative nature even when known amounts 
of some or all of the components cannot be obtained 
and standard curves are therefore unavailable. 

Data obtained from the recovery trials are pre- 
sented in table I. In all cases absolute errors were 
never greater than about 3 pgm. Ratios of the 
amount of rutin found to the amount actually applied 
varied from a low of 0.80 to a high of 1.10 (80 to 
110 % recovery). 

Youden (22) and others (11) have pointed out 
that statistical techniques of regression analysis may 
afford a systematic way of passing judgment on the 
suitability of a proposed analytical method. Lark 


TABLE [| 


RECOVERY OF RUTIN FROM CHROMATOGRAMS OF PurE RutTIN 
AND FROM CHROMATOGRAMS OF BUCKWHEAT EXTRACT TO 
WHICH Extra AMOUNTS OF PuRE RuTIN WERE ADDED 





ActuaL RvrTIN — MEAN ERROR, 
RUTIN FOUND ie Founp — ActTuaL 
ActuaL/Foun 

MGM MGM AcTt aL/F — 4uGM 








Chromatograms of pure rutin 
3 
8 
16 
24 
34 


Buckwheat extract + rutin 
10 0.90 
16 1.00 
19 0.86 





(9) has added some warnings concerning such an ap- 
plication and has amplified the evaluation scheme. 
In the present study the procedures of the latter au- 
thor were followed; since details and a theoretical 
discussion are contained in Lark’s paper, only a brief 
description is presented below. 

1. The hypothesis was proposed that the regres- 
sion of the amount of rutin found (y) on the actual 
amount (x) is linear in the range of quantities em- 
ployed. With the usual least-squares assumptions, 
therefore, lines of the form y=a+bx were fitted to 
the recovery data for pure rutin and for rutin added 
to the buckwheat extract (table I). Variance unex- 
plained by the regression was compared with variance 
among replicates. In both cases the hypothesis of 
linearity was accepted at the 5 % level. 

2. The hypothesis was proposed that the true 
values of the regression coefficients (b) of the above 
equations are equal to one. If the analytical tech- 
nique is free of systematic error, such a condition 
should exist, although the reverse is not necessarily 
true (9). On the basis of t-tests this hypothesis was 
accepted at the 5 % level in both eases. 

3. Lark (9) has shown that it is instructive to 
consider the regression of total error of analytical 
determination (z=y-—x) on the actual amount; the 
total error, z, includes systematic error and random 
error. One hypothesis which might be assumed is 
that systematic error is linearly related to the actual 
amount. In the present investigation this possibility 
was studied by fitting equations of the form z= a + b’x 
to the rutin recovery data. If the method were free 
of relative-type systematic error which varies with 
the amount of material taken for analysis, the regres- 
sion coefficients, b’, of these equations would be equal 
to zero. The hypothesis that they are indeed zero 
was evaluated by means of t-tests and accepted at 
the 5 % level in both cases. 

4. Alternatively, the hypothesis may be adopted 
that the systematic error is constant (z=a’). In this 
event the best estimate of the error is the mean of 
the z values (9). Such mean errors were calculated 
for the rutin recovery data, and the hypothesis that 
they are equal to zero was tested through use of the 
statistic t. For both recovery experiments this hy- 
pothesis was accepted at the 5 % level. 

5. A good idea of the precision of a method may 
be obtained by inverting the regression equation of y 
on x and calculating confidence intervals for predic- 
tions of actual amounts, x, in new samples (9). Re- 
sults of such an analysis of the data for pure rutin 
are presented in table II. The data of the table were 
calculated under the assumption that the values for 
“rutin found” would be means of triplicate analyses. 

In summary, it has been concluded that in the 
range 3 to 30 wgm the suggested analytical procedure 
yields a recovery relationship which is linear with a 
slope equal to one, and that the method is free of both 
relative and constant types of systematic error. It 
must be remembered that the basis for these decisions 
is the error among replicate determinations. Thus, 
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TABLE II 


PrepDIcTION OF TRUE RuTIN VALUES IN NEW SAMPLES 
FROM THOSE WHiIcH Micut Be Founp By ANALYSIS OF 
CHROMATOGRAMS OF PurRE RUTIN 








TRUE RUTIN, 
BEST ESTIMATE 


90 % CONFIDENCE 
LIMITS 


RUTIN FOUND 
ugm ugm ugm 


5 5.9 18- 96 
10 10.5 6.2-14.7 
15 15.2 11.5-28.9 
20 19.9 16.2-23.7 
25 24.6 20.9-28.5 
30 29.2 25.5-33.4 


systematic error may actually be present; if so, it is 
insignificant in comparison with the variation among 
replicates. 

Obviously the precision of determinations made 
with this procedure is not as good as might be de- 
sired. Indeed, the confidence intervals of table II are 
broad enough that the method should be regarded as 
semiquantitative in nature and not employed if a 
more exact procedure can be applied. However, the 
principal feature which recommends the method may 
be a compelling one: since it can be used for any 
complex mixture of flavonoids capable of resolution 
by the paper-chromatographic technique, it may—as 
in the case of buckwheat seedling extracts—succeed 
when other procedures fail. If the choice is to an- 
alyze or not to analyze, one cannot escape the con- 
clusion that inexact knowledge is a somewhat happier 
possession than complete ignorance. 


SUMMARY 


The direct absorptiometry of paper chromato- 
grams has been applied to the quantitative analysis 
of flavonoid compounds. The method has proved 
satisfactory for rutin alone and in buckwheat extracts. 
It can also be used for relative measurements on four 
other flavonoid substances present in buckwheat seed- 
lings and is probably applicable to plant materials in 
general. Because of the degree of precision obtained, 
the method should be regarded as semi-quantitative 
in nature. 


Dr. Joseph Naghski, United States Department of 
Agriculture, generously provided the sample of pure 
rutin used. 
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QUANTITATIVE CHANGES IN BUCKWHEAT FLAVONOID SUBSTANCES 
DURING SEEDLING DEVELOPMENT? ? 
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Relatively few studies have been made of changes 
in the flavonoid constitution of plants as they develop. 
Bate-Smith (2) has presented a qualitative picture of 
such changes in the maturing flower of Coreopsis. 
Hesperidin (5) and naringin (8) in citrus fruits and 
rutin in Nicotiana (1) have been examined quantita- 
tively under field conditions. 

Since rutin has become of commercial interest, a 
number of workers have followed the formation of 
this glycoside in mature buckwheat plants (7, 10, 11, 
13). Workers of the United States Department of 
Agriculture found that in Japanese (3, 12) and Tar- 
tary (4, 12) buckwheats most of the rutin occurs in 
the leaves and blossoms; little was found in the stems. 
Rutin content increases steadily, reaching a peak as 
the plant nears maturity and thereafter declining. 
More detailed studies of the distribution of the glyco- 
side within the mature buckwheat plant have not been 
reported. 

The fact that rutin and four other flavonoids occur 
in plants of Japanese buckwheat only three days old 
while the flavonoid content of the ungerminated seed 
is extremely small (14) suggested that the seedling 
stage may be a critical one as far as flavonoid consti- 
tution is concerned. Accordingly, quantitative levels 
of the buckwheat substances in the several organs 
were followed during germination and initial develop- 
ment of green and etiolated seedlings. This investiga- 
tion revealed a rapid appearance and quantitative 
increase in all five of the buckwheat flavonoids in 
plants of both types. 


MATERIALS AND METHODS 


SEEDLING CuLTURE: Seeds of Fagopyrum escu- 
lentum Moench var. Japanese, purchased from the 
Peter Henderson, Stumpp and Walter Co., were used; 
without removal of the pericarps they were soaked 
for 5 hours in distilled water, spread on moist filter 
paper, and placed in the dark at 27 + 2°C. After 2 
days lots of the germinated seeds were selected for 
further use. Etiolated seedlings were cultured in moist 
sand contained in Pyrex dishes 20 em square and 5 em 
deep; these were kept in the dark at 27 + 2°C and 
received only daily portions of distilled water. Green 
seedlings were cultured in moist sand in large clay 
pots which were placed in the greenhouse and watered 
daily with tap water. Positional arrangement in the 
dark chamber and on the greenhouse bench of lots of 
seedlings tagged for specific harvest dates was assigned 
through use of a table of random numbers. 

HarvVESTING Procepures: For each set of seedlings 


1 ReCeived revised manuscript December 6, 1955. 
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the plants were carefully removed and the sand 
washed from the roots. The lengths of the roots and 
hypocotyls of 50 seedlings were measured at this time. 
The plants were then grouped into four lots, two of 
50 to 100 and two of 200 to 300 individuals. As 
rapidly as possible all were divided into their con- 
stituent organs. As soon as all free water appeared 
to be gone from the plant surfaces, fresh weights were 
obtained for all four lots. The two smaller groups 
were then dried at 68° C for 48 hours and stored in a 
desiccator until dry weights could be measured. The 
two larger lots, to be used for the flavonoid analyses, 
were placed immediately in 95 % ethanol and kept in 
this solvent. Such a procedure was followed to elimi- 
nate possible partial destruction of the flavonoid sub- 
stances during drying (12). 

Extraction: The plant material stored in 95 % 
ethanol was extracted (Soxhlet) with additional por- 
tions of this solvent. The extracts of each plant part 
for each harvest date were combined, concentrated at 
reduced pressure, and made to a convenient volume 
(5 to 50 ml). 

ANALYsIs: The analytical method used was that 
previously described (15). Although it should be re- 
garded as semi-quantitative in nature, it was the only 
procedure which the author was able to apply with 
suecess to the mixture of flavonoids present in buck- 
wheat seedlings. Aliquots of the extracts were spotted 
on strips of Whatman No. 1 filter paper 2.5 em by 
57.5 em; these were equilibrated in a glass chromato- 
graphic chamber for 24 hours and then developed 
(descending) with the upper layer of the system chloro- 
form-isobutanol—-water (2-4-4 by volume). After 
drying, the strips were scanned at 350 my in a Beck- 
man DU spectrophotometer. For each sample three 
replicate strips were run on different days, routine 
procedures being randomized. Quantities of rutin 
were calculated from observed areas under plots of 
absorbance vs. distance on chromatogram and from 
the previously obtained standard curve for rutin. 
Amounts of the four unidentified buckwheat flavonoids 
are expressed in arbitrary units since no standardiza- 
tion data for these substances were available. The 
use of such units enables quantitative comparisons to 
be made between samples for a given substance, al- 
though comparisons between substances would have 
no exact significance. Whenever the four unknown 
compounds may be identified and the proper area- 
amount constants can therefore be ascertained, these 
values will be readily convertible to more absolute 
quantitative measures. 


RESULTS AND DISCUSSION 


Data on seedling growth in terms of fresh weight 
and length are not reported here since changes in 
these measures were similar to those usually observed 
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with such plant material. Dry weight values may be known buckwheat substances are designated A to D 
calculated from the data of table I, which embodies (14). In order to emphasize the semiquantitative 
the results of the flavonoid analyses. The four un- character of the analytical procedure, 90 % confidence 
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limits are also presented where relevant. The widths 
of these confidence intervals should suggest the degree 
of caution with which the data must be approached. 
The interpretive discussion which follows is intended 
to suggest probable quantitative relationships in a 
very general way only. The author feels that the 
value of such generalities arises from the fact that no 
more exact information is at present available. 

In the etiolated seedlings the amounts per plant 
of all five substances increased rapidly between the 
second and tenth days, then declined. In the case of 
whole plants amounts calculated on a dry weight 
basis showed a similar rise and fall; the dry weights 
themselves, of course, decreased throughout the 
period. Such values for single organs, especially the 
cotyledons, continued to rise between the tenth and 
fourteenth days for substances B and D and rutin; 
the opposite was true for substances A and C. Almost 
all of the total amounts of substances A, B, C, and D 
occurred in the cotyledons; certainly the changes in 
the cotyledons account for the quantities of these 
compounds which appeared during germination, since 
the pericarp levels remained approximately constant. 
Most of the rutin was also found in the cotyledons, 
but this glycoside was present in the other organs as 
well, increasing steadily in the hypocotyls. 

A comparison of the 10-day values for green and 
etiolated plants reveals that in a rough way these are 
of the same order, perhaps indicating that the initial 
quantitative patterns in the two types of plant are 
not dissimilar. As previously noted (14), the only 
qualitative difference between green and etiolated 
plants was the occurrence of substance C in green 
hypocotyls. Until after the thirteenth day, however, 
the amount of C in the hypocotyls was only a small 
part of the total. This amount increased steadily, 
even though the total and that in the cotyledons ap- 
peared to decrease after the thirteenth day. A later 
decrease was also observed with substance A, while 
substances B and D increased in amount per plant 
and per unit dry weight throughout the experimental 
period. Rutin in the hypocotyls and cotyledons of 
green plants increased consistently, while quantities 
of this substance in the roots and pericarps remained 
essentially constant. 

Since it was noted earlier that the ungerminated 
seed contains only one flavonoid—apparently rutin— 
in small quantities (traces of all five are present in 
the pericarps), the rapid appearance of each sub- 
stance in the seedling must be accounted for in terms 
of its release from some bound form, synthesis de 
novo, or formation from some partially elaborated 
precursor. The present work: offers no basis for de- 
cision on this point. 

The cotyledons appear to be the most important 
seedling organs in the flavonoid picture. Apparently 
there.is no movement of substances A, B, C (in etio- 
lated plants), and D to other parts—or, if transloca- 
tion does occur, destruction is immediate. Rutin and 
substance © (in green plants) are exceptional, but in 
these cases it is impossible to decide whether presence 


in several organs is a result of transport or of synthe- 
sis in situ. 

A comparison of results for green and etiolated 
plants reveals no profound effect of light. This is in 
sharp contrast to the anthocyanin situation in buck- 
wheat seedlings; light is known to be essential for the 
production of the latter pigment, although brief expo- 
sures will suffice (6,9). Perhaps the biogenetic path- 
ways for anthocyanin and other flavonoid substances 
are not closely associated in this plant. 

SUMMARY 

Changes in approximate quantitative levels of 
rutin and four other buckwheat flavonoids have been 
followed in the several organs of developing green and 
etiolated seedlings. In both types of plant the amounts 
of all five substances increased rapidly after the sec- 
ond day of germination. Most of the total quantity 
of flavonoid material was localized in the cotyledons, 
although rutin was present in other organs of all 
plants and another substance occurred in the hypo- 
cotyls of green seedlings. It is suggested that in 
buckwheat seedlings the synthesis of anthocyanin may 
not be closely related to that of rutin and other flavo- 
noid substances. 


Appreciation is expressed for the counsel of Pro- 
fessor R. F. Dawson of Columbia University. 
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BRIEF PAPERS 


VITAMIN C CONCENTRATION IN DEVELOPING AND MATURE 
FRUITS OF MANGO (MANGIFERA INDICA L.) ! 


J. L. SPENCER, M. P. MORRIS anv W. C. KENNARD 


USDA, AGricuLturRAL ReseARCH Service, Feperat EXPERIMENT STATION, 
Mayaauez, Puerto Rico 


The mango (Mangifera indica L.) is an important 
tropical fruit, certain varieties of which have found 
increasing favor in temperate regions as dessert fruits. 
Previous studies have given the vitamin C (ascorbic 
acid) content of mature fruits from many varieties 
(5, 6, 7) as well as the distribution of vitamin C in 
the flesh (7). Although data from numerous other 
fruits are available, the seasonal pattern of vitamin C 
development in mangoes has not been reported, nor 
have analyses of the skin in relation to the remainder 
of the flesh. Information concerning the vitamin C 
content of the edible portion of these fruits, at differ- 
ent developmental stages and at maturity, seemed 
desirable. 

Mango fruits at various stages of development 
were collected from mature trees of the varieties 
Amini, Mullgoa, Pico, and Turpentine (native) grow- 
ing in the station orchards. All fruits of each variety 
were collected from single trees. The erratic flower- 
ing and extended period of fruit set permitted the col- 
lection of fruits of various ages at one time, thereby 
minimizing environmental variables. These fruits were 
apportioned among five arbitrary size classes, corre- 
sponding to developmental stages from approximately 
five weeks after fertilization to maturity. The age of 
each group was determined by comparing the average 
fruit size with growth data obtained by measuring the 
size of each variety at intervals from fruit-set through 
maturation. The reliability of this procedure has been 
established through a developmental study of the 
fruit (4). The fruits were prepared immediately after 
harvest for ascorbic acid assay. Fruits analyzed for 
vitamin C development had the skins cut away and 
the flesh removed down to the husks. Composite 
samples of the edible portion from 10 fruits of each 
class of the test varieties were prepared for triplicate 
analyses. Ascorbic acid maps of native and Amini 
fruits in different developmental stages were prepared 
by Barnett and Bourne’s (2) method to show location 
of this substance. 

Mature fruits analyzed for location of vitamin C 
were collected in the same manner as the samples of 
the younger stages and from the same trees, except 
that lack of material necessitated the use of Cambodi- 
ana in place of Pico. These mature fruits were peeled 
and cut up. Composite samples were made of five 
mangoes from each variety for 1) peelings, 2) outer 
mesocarp, 3) central mesocarp, and 4) inner meso- 
carp (adjacent to endocarp). All composite samples 
were analyzed by the diphenylhydrazine method of 


1 Received September 29, 1955. 
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Schaffert and Kingsley (8), and the results are re- 
ported as mg/100 gm (mg %) of fresh mango flesh. 
The vitamin C developmental patterns of the 4 
mango varieties, Amini, Mullgoa, Pico, and Turpen- 
tine were similar. A marked decrease in the percent 
vitamin C of the flesh was noted between five weeks 
after fruit set and maturity (fig 1). Fruits of the 
smallest size class, average age about five weeks, 
yielded an average vitamin C value of 88 mg %, but 
at maturity (16 weeks) these same varieties averaged 
only 22 mg %. The greatest reduction in ascorbic acid 
concentration was noted between 5 and 10 weeks after 
fruit set. From about 10 weeks of age through ma- 
turity a more gradual decline, or none at all (Mull- 
goa) occurred. The vitamin C content determined 
for ripe Amini fruits, 11 mg/100 gm flesh, was about 
one half of the value reported previously; values of 
from 18.24 to 25.16 mg % have been recorded (6, 7). 
The ripe edible flesh of Cambodiana averaged less than 
15 mg % vitamin C (table I) in this study, although 
Munsell (6) reported values of 30.52 and 37.50 for 
fruits of the same variety from this same orchard. 
The ascorbic acid maps of native and Amini fruits 
showed a varying gradient from the sub-epidermal 
regions to endocarp. Maps made from mature fruits, 
although lacking the definition characteristic of the 
younger samples due to the decrease in vitamin C, 
demonstrated highest concentrations of ascorbic acid 
beneath the epidermis and adjacent to the endocarp. 
The low concentration of vitamin C in the central 
mesocarp tissue was confirmed by quantitative tests 
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Fic. 1. Vitamin C content of the edible portion of 
4 mango varieties during fruit development. 
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* Determinations are averages of 3 replications; maximum variation among replicates was less than 2 %. 


on mature fruits of Amini, Cambodiana, Mullgoa, and 
Turpentine. Table I shows that the vitamin C con- 
tent of the peels was very similar and was the highest 
found, averaging 26 mg %. The layer of flesh adja- 
cent to the husk had the next highest average, 15 
mg %. The central layers of mature mango fruits, as 
seen from the prepared maps, contained the lowest 
percentages of vitamin C, averaging about 12 to 13 
mg %. 

Although vitamin C content of developing mango 
fruits has not been recorded, there are reports on the 
effects of maturity on such contents of full-sized 
fruits. Some investigators have found an increase in 
vitamin C with maturation (1), and others have noted 
a decrease (3). Mustard and Lynch (7) found that 
mangoes picked when beginning to show color had 
lower ascorbic acid contents than either fully ripe or 
green mangoes. No significant differences were found 
by these same workers for vitamin C content of the 
various parts of ripe mango fruits, although they 
noted that the flesh of each individual fruit analyzed 
showed a decrease in ascorbic acid concentration with 
increased distance from the skin. 

The minimum daily requirement for vitamin C for 
adults is about 30 mg. Since the central layers, or 
the edible portion, of mango contain approximately 
13 mg % of this substance, about 2 to 3 ripe fruits 
per day would be sufficient to meet this requirement. 
Ripe mangggs of the varieties studied, therefore, ap- 
pear to be fair sources of vitamin C. 


SUMMARY 


Vitamin C determinations made for this study on 
the developing fruits of mango demonstrated a down- 
ward trend common to the 4 varieties employed: 
Amini, Mullgoa, Pico, and Turpentine (native). This 


decrease in vitamin C concentration, from an average 
of 88 mg % to 22 mg %, was most marked in the 
period 5 to 10 weeks following fruit set; the final 4 
to 6 weeks of fruit maturation was accompanied by 
little change in ascorbie acid concentration. Silver 
nitrate location maps and more refined tests by a di- 
phenylhydrazine method showed that the highest con- 
centration of vitamin C in ripe mangoes is not in the 
portion consumed. The highest concentrations are 
found in the peel and in the flesh adhering to the 
husks. The edible portion of mango fruits, however, 
appears to be a fair source of vitamin C. 
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EFFECT OF MALEIC HYDRAZIDE ON PINEAPPLE? 
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Flowering in pineapples is apparently auxin con- 
trolled (2) and may be induced by the application of 
various growth regulators or by temperature changes 
(3). It has been suggested that maleic hydrazide 
(MH), the well-known plant growth inhibitor, is an 
anti-auxin (1). It was of interest, therefore, to deter- 
mine if flowering in a temperature sensitive plant 
could be delayed by MH and if the delay would be 
only temporary. 

A field of healthy, mature Red Spanish pineapple 
plants was selected for this experiment. Treatments 
were made on December 6, before visible differentia- 
tion of flowers, and also on January 11, after differ- 
entiation had begun. The red coloration of the inner 
leaves was used as a criterion of flower initiation. 
Maleie hydrazide, as the diethanolamine salt, was dis- 
solved in water at concentrations of 0.3, 0.03, 0.003, 
0.6003, and 0.00003 % (active ingredient) and poured 
into the center of the plant at the rate of 10 or 20 ml 
per plant. There were 10 plants in each treatment. 
Flowering began about two and a half weeks after the 
experiment was initiated, and records were taken on 
December 26, January 10, and March 24. Eight out 
of 10 controls flowered by December 26; whereas none 


Fic. 1. Ripe fruit from control (left) and from plant 
treated after floral initiation with 20 ml of 1.0% solution 
of the diethanolamine salt of maleic hydrazide (right). 
Crown growth was completely suppressed by this treat- 
ment, and the fruitlets failed to coalesce. 


1 Received October 6, 1955. 


of those treated with 20 ml of 0.3 % MH had flowered. 
Six weeks later, 4 of these flowered, and the remain- 
ing 6 flowered at sporadic intervals thereafter. This 
was the only treatment which delayed flowering. The 
fruits from the plants delayed in flowering for 6 weeks 
were normal in size and shape, although they matured 
6 weeks later than the controls. 

A second experiment was started on January 11, 
after flowering had begun. Since only the strongest 
solution used in the first experiment had any effect, 
this treatment, i.e., 20 ml of 0.3% MH solution per 
plant was repeated, together with 40, 80, and 100 ml 
of the same solution poured into the center of the 
plant. No delay in fruit ripening was caused, but the 
fruits were distorted and decreased in size and weight 
as shown in figure 1. The individual fruitlets failed 
to coalesce, and extensive cork deposits were formed 
where the sides of the ovaries were exposed to the air. 
There was no apparent correlation with the amount 
of distortion and the amount of chemical applied. 
Development of the crown was suppressed in all 
treatments. 

Percentage of fruits with gummosis* was very 
high in the treated plants of the second experiment, 
varying from 80 to 100%. Fruits treated before 
flowering and untreated fruits had very little gum- 


mosis. This suggests that this disease may be physio- 
logical in origin. 
These results show that flowering in response to 


low temperature in pineapple was temporarily in- 
hibited by 0.3% maleic hydrazide if the plant was 
treated about 20 days before flowering. Later treat- 
ment did not affect time of flowering or maturation 
but caused gummosis, distortion of the fruit, and sup- 
pression of crown growth. 
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2 This is an abnormal condition of the fruit in which 
a gummy exudate is secreted on the outside. The cause 
of this condition is not clear although both fungi and 
insects have been suggested as possible agents. 





News AND NOTES 


AMERICAN SOCIETY OF PLANT PHYSIOLOGISTS, 
Annual Meeting, East Lansing, Michigan, September 
1955: The American Society of Plant Physiologists 
held its 30th Annual Meeting from September 5 to 8, 
1955 on the campus of the Michigan State University. 
Our Society again cooperated with the Physiology 
Section of the Botanical Society of America in arrang- 
ing the program. Two well attended symposia were 
sponsored. Dr. Walter Reuther acted as moderator 
for one, “The Process of Ion Accumulation by Roots”; 
and Dr. Harry Beevers presided at the second, “Respi- 
ration in Plants.” In the 13 regular sessions, 153 con- 
tributed papers were presented—of this number, 32 
had their origin in the Physiology Section of the Bo- 
tanical Society of America, but 19 of these were from 
members of our Society. 

At the annual banquet, the 31st anniversary of the 
Society was marked by an announcement of a Charles 
Reid Barnes Life Membership Award to Dean W. F. 
Loehwing and by an enthusiastically received Stephen 
Hales address by Professor Folke Skoog, who spoke 
on “The Chemical Basis of Growth Regulation in 
Plants.” 

Chairmen of the individual sessions held to the 
published schedule for presentation of papers. Much 
favorable comment has been received for this proce- 
dure. Only one person has objected to the secretary 
against its continuation. One of the session chairmen 
has protested vigorously about authors who were not 
present, did not deputize or submit any reason for not 
presenting their papers. Failure to notify the chair- 
man of withdrawal had the effect of unduly breaking 
the program. Perhaps of still greater importance is 
the fact that the abstract becomes a part of the litera- 
ture without a public hearing. It has been suggested 
this could become a serious matter, indeed. 

Executive Committee Meeting, September 5th: 
The Executive Committee of the Society met Septem- 
ber 5, 1955 at 8:00 P.M. in the Union Building of 
Michigan State University. Those present were Drs. 
A. 8. Crafts, Chairman, K. V. Thimann, J. F. Stan- 
field, P. J. Kramer, B. S. Meyer, J. B. Hanson, C. A. 
Price, R. W. Howell, E. H. Toole, H. A. Borthwick, 
T. C. Broyer and A. W. Naylor. 

Reports by the officers opened the meeting. Dr. 
Stanfield’s report is as follows: 


July 1, 1955 
MEMBERSHIP: 


Total members, July 1, 1954 
Renewals 


Resigned, dropped, deceased 


Less those included in other groups 
Total members, July 1, 1955 


SUBSCRIPTIONS: 


U.S. subscriptions for vol. 29, 372; for vol. 30, 387 


Foreign subscriptions for vol. 29, 775; for vol. 30, 845 
Total subscriptions for vol. 29, 1147; for vol. 30, 1232 


SumMary or CasH AccouUNTS: 
Checking Account, July 1, 1954 
Savings Account 
Cash Balance, July 1, 1954 

Receipts, 1954-55 


$14,904.44 
9,500.00 
$24,404.44 
28,635.01 


53,039.45 
23,502.18 
$29 537.27 


Expenditures, 1954-55 
Cash Balance, July 1, 1955 
Cash on hand, July 1, 1955 
Checking Account 
Savings Account 


$15,537.27 
14,000.00 
$29 537.27 


SumMary oF ENDOWMENT ACCOUNT: 
(Life Membership and General Endowment Fund) 


Balance, July 1, 1954 $ 524.59 
Income, 1954-55 
Barnes Life Membership Award $ 
From sales of back numbers 
Excess Barnes and Hales 
From investments 
Three life membership purchases 


100.00 
1,879.50 
41.25 
830.49 
300.00 
$ 3,675.74 
Expenditures, 1954-55 
Purchase of three bonds 


Balance, July 1, 1955 


The Program Committee reported on costs of 
printing and mailing the abstracts. For the first time 
our abstracts are in a form which can be bound with 
the journal and since all members and subscribers 
have received a copy it may be expected that due 
respect will be given to the abstracts as an abbrevi- 
ated form of publication. Authors should prepare 
their abstracts with as much care as the summary of a 
longer paper. Costs for the abstracts were as follows: 


Preparation of manuscript copy .. $ 0.00 
Printing 2500 copies 

Stamps 

Express 

Envelopes 


Our representative on the A.I.B.S. governing board, 
Dr. P. J. Kramer, pointed out A.I.BS. will require 
more money for operating expenses now that it is in- 
dependent of the National Research Council. The 
new A.I.B:S. constitution was presented for considera- 
tion. It is quite similar to the old one. Most of the 
changes were changes necessitated by incorporation as 
a separate organization. Dues for member societies 
have been raised, in the case of our Society from 
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$800.00 to $1,000.00 annually. Dr. K. V. Thimann 
made the motion, seconded by Dr. B. S. Meyer that 
we ratify the new A.I.BS. constitution. The motion 
was carried without dissent. 

Following the reading of Dr. F. C. Steward’s re- 
port as our representative to the National Research 
Council, it was voted that the concluding paragraph 
be read into the minutes. This paragraph is perti- 
nent to the resolution adopted by the Society at its 
Annual Business Meeting, September 1954. It is thus 
stated: 

“There was a special discussion of the problem of 
political clearance of recipients of research grants from 
the National Institutes of Health. Dr. Bronk in his 
capacity as an officer of the Academy and of the Re- 
search Council had energetically taken up this question 
with Mrs. Hobby. Dr. Bronk described his activities in 
this direction and referred ‘off the record’ to high level 
discussions of the problem which he had attended at the 
White House. While there is nothing very concrete to 
report, the Society may be interested to note that those 
present approved of a special motion of appreciation to 
Dr. Bronk for the way he is handling this problem in the 
interests of biologists and working through the National 
Academy.” 

Several vacancies soon to occur on the Editorial 
Board and committees were filled by appointment. 
Service is to begin January 1, 1956. Drs. Carl Leo- 
pold and C. H. Wadleigh were appointed to the Edi- 
torial Board of Plant Physiology for five-year terms; 
Dr. F. P. Cullinan was reappointed to the Board of 
Trustees for a three-year term; Dr. A. E. Schwarting 
was appointed Chairman of the Local Committee for 
the University of Connecticut meetings; Dr. H. A. 
Borthwick was asked to represent our Society on the 
Editorial Board of the American Journal of Botany 
for another year; and our new representative (3 
years) on the AAAS Council is Dr. Marion Parker. 
Dr. Thimann requested relief from duty on the Com- 
mittee on Professional Status and Training. A re- 
placement is to be found. 

Only one item of old business was discussed. This 
was the matter of re-publication of volumes 1 to 5 of 
Plant Physiology. At present three organizations have 
permission to reproduce it: Walter Johnson Reprint 
Corporation, New York, New York, J. S. Canner 
Micro-Card Company, Boston, Massachusetts, and 
University Microfilms, Ann Arbor, Michigan. It was 
the consensus that republication rights should not be 
extended to others if these companies make use of 
their privilege. 

The first new business considered was the budget 
for Plant Physiology for the coming year. A budget 
of $20,000.00 was proposed by Dr. Thimann. Follow- 
ing approval of the motion, a discussion arose over 
possible new sources of revenue. Dr. Stanfield pro- 
posed, and it was approved, that the By-Laws be 
amended to read that the Life Membership be raised 
to $150,00 and the Patron Fee to $200.00. The new 
regulations are to take effect January 1, 1956. 

Since Dr. Goddard has asked to be relieved of the 
editorship of Plant Physiology, a committee headed 


by Dr. K. V. Thimann was appointed to select a new 
editor. Recognition was made of the fine work Dr. 
Goddard has done for the Society and the hope ex- 
pressed he can be prevailed upon to reverse his decision. 

A motion was unanimously carried to meet with 
A.LBS. in 1958—probably at the University of Indi- 
ana in Bloomington. 

The Midwestern plant physiologists presented a 
well drawn petition for consideration that their group 
be recognized as a section of the Society. Recognition 
of the new section was accompanied by dissolution of 
the Illinois, Purdue and Minnesota sections. Physi- 
ologists at Illinois and Purdue plan to continue opera- 
tion on a seminar basis. Permission was granted the 
New England Section to change its name to the 
Northeastern Section. Henceforth this section will 
feel freer to invite physiologists outside the confines 
of New England to its meetings. The possibility and 
desirability of a strong Middle Atlantic States Section 
was discussed. In view of the growth in importance 
of the regional sections as a functional part of the 
Society, it was agreed thought should be given to fur- 
therance in the development of the sections. Drs. 
Crafts, Borthwick and Broyer were constituted as a 
committee to draw up a brochure on sectional organi- 
zation. 

Concern was voiced over the relatively small num- 
ber of practicing plant physiologists who are actually 
members of the Society. During a lengthy discussion 
it was suggested that more continuing members might 
be obtained by attracting larger numbers of graduate 
students into the Society one or two years before they 
graduate. A means to do this would be to reduce 
their dues. It was agreed Dr. Crafts should bring the 
matter before the general membership at the Annual 
Business Meeting. 

As the final item of business the question was 
raised as to whether the new secretary, as Chairman 
of the Program Committee, should be instructed to 
follow the general procedure used this year in getting 
out the program. After a short but favorable discus- 
sion it was moved, seconded, and passed that “for 
next year (1956) we print and mail as we did this 
year.” 

Annual Business Meeting, September 3th: After 
acquainting those approximately 250 present with the 
actions taken by the Executive Committee the even- 
ing before and relating what had come of the Resolu- 
tion made by the Society at Gainesville deploring the 
awarding of National Institutes of Health grants for 
research on political grounds, the meeting was opened 
for business. 

President Crafts presented the problem of recruit- 
ing more members for the Society. Arguments in 
support of the idea of lower dues for graduate stu- 
dents were presented. Strong opinions were expressed 
pro and con. A vote was carried to institute a stu- 
dent category of membership. After some debate the 
fee for this membership was set at $5.00 with the sug- 
gestion each graduate student availing himself of this 





84 PLANT PHYSIOLOGY 


privilege be certified by his Department Chairman at 
the time of paying dues. 

The meeting was closed following a request by the 
membership that the Secretary convey greetings and 
best wishes to Dr. C. A. Shull, the Society’s first presi- 
dent—Respectfully submitted, AuBREY W. Nay or, 
Secretary. 


AMERICAN Society OF PLANT PHysIoLocists, Mid- 
western Section: The first meeting of the Midwestern 
Section of the American Society of Plant Physiologists 
will be held at Iowa State College, Ames, Iowa, July 
6 and 7, 1956. Sessions will include symposia, round- 
table discussions, and presentation of papers. Reser- 
vations of accommodations can be secured by writing 
Dr. Sam Aronoff, Botany Department, Iowa State 
College, Ames, Iowa.—JoHN B. Hanson, Secretary- 
Treasurer. 


The difficulties encountered with the projection of 
lantern slides is a major source of irritation at the 
National Meetings. Mr. William G. Smith, biological 
photographer of the Boyce Thompson Institute for 
Plant Research, calls to our attention that certain 
standards have been established for the preparing of 
engineering and scientific charts for lantern slides. 

These standards are fully explained in the booklet, 
“Engineering and Scientific Charts for Lantern Slides” 
(ASA—Z 15.1-1932, reaffirmed 1947). This may be 
purchased from the American Society of Mechanical 
Engineers, 29 West 39th Street, New York 18, New 
York, at a cost of ninety cents per copy. 

Members of the profession are urged to obtain a 
copy of this booklet and see that their slides conform 
to the standards approved by the American Standards 
Association—Grorce L. McNew, Boyce Thompson 
Institute for Plant Research, Inc., Yonkers, New 
York. 


OUTLINES OF ENZYME CHEMISTRY—J. B. Neilands 
and Paul K. Stumpf. John Wiley & Sons, Inc., 
New York; Chapman and Hall, Ltd., London. 
305 pages. 1955. $6.50. 


This new textbook on the chemistry of enzymes 
will give much satisfaction to the biochemist and little 


comfort to the biologist. The first will be impressed 
by the fulness of outline and economy of detail; the 
second will be disappointed by yet another textbook 
which fails to recognize biology as anything but a 
handmaiden of chemistry. The point of view of the 
authors is easily perceived. They have treated en- 
zymes largely as a special branch of chemistry and in 
so doing have given a very good account of the chemi- 
cal and physical properties of enzymes. Wherever 
they have atempted to give a biological account of 
enzyme function the result leaves much to be desired. 

The book is divided into four parts. Part 1 is en- 
titled “General Principles.” It begins with a hasty 
two-page introduction on the nature and history of 
enzymes. Since the book was written for students one 
cannot help wondering why no effort was made to 
present a broader philosophical background to the 


subject as a whole. But to raise this point of criti- 
cism is a little unfair for it touches upon the question 
of science education in a university, a question per- 
ennially debated and persistently unsolved. It is un- 
likely that this point will bother most instructors, for 
the book certainly has the merits commonly desired 
for academic courses. All points of general interest in 
enzyme behaviour are covered and the explanations 
provided are on the whole excellent. Principles of 
equilibria and ionization, isolation methods, criteria of 
purity, and characterization of enzymes are the gen- 
eral topics brought to the student’s attention. The 
one criticism which might be raised from the didactic 
standpoint is that the different topics are unevenly 
treated. For example, much attention is paid to the 
elementary aspects of water dissociation, but in illus- 
trating “the profound significance of ionization in 
enzymology” an understanding of the strongly basic 
character of the quaternary nitrogen atom and the 
weakly basic character of the tertiary nitrogen atom 
is largely assumed. In the isolation methods there is 
much advice which will prove useful to the laboratory 
worker, but the attempt to include all types of 
methods within 12 pages has resulted in very thin 
sketches. Many students will probably find the chap- 
ter on “Criteria of Purity” inadequate for it is hard 
to see how a student could learn anything about im- 
munological methods in 5 lines; salt fractionation 
getting two pages, and electrophoresis two and a half. 
Indeed, Part 1 might have been a little expanded to 
relieve it of its encyclopaedic character. 

Part 2 deals with the physical chemistry of the 
enzymes and includes the following: reaction rates, 
effect of substrate concentration on velocity, action of 
inhibitors, effect of temperature, effect of hydrogen- 
ion concentration, energetics, oxidation-reduction, en- 
zyme-substrate compounds and specificity of enzymes. 
There is no doubt that this section is a most lucidly 
written one. The only item which might cause the 
reader concern is the long mathematical derivation of 
the effect of ionization on oxidation-reduction poten- 
tials; the detail seems out of balance with the rest of 
the treatment. It is regrettable that the chapter on 
specificity is so brief, occupying only three and a half 
pages. 

Part 3 which deals with the classification of coen- 
zymes, enzymes and respiratory enzymes, lacks the 
quality of the preceding section, probably because en- 
zyme classification does better when approached from 
a biological standpoint. One cannot help thinking 
how much more colourful and exciting the treatment 
of iron enzymes would have been if an approach 
something akin to that of Granick in his article on 
“Inventions in Iron Metabolism” had been used. 

Part 4 deals with “Metabolic Patterns” and covers 
metabolic processes, glycolysis, the hexose monophos- 
phate shunt, the tricarboxylic acid cycle, oxidative 
phosphorylation, fatty acid oxidation and finally the 
synthesis of enzymes. In this section there #8 a major 
effort to link enzymatic activity with biological organ- 
ization, but the link is disappointing. Thus one finds 
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the statement “biochemical examination of the cyto- 
logical components of the cell has revealed an aston- 
ishing fact that a major portion of metabolic activity 
of the cell resides in small particles identified as mito- 
chondria.” Were the “fact” a fact it would indeed be 
astonishing but it simply is not so. Indeed the fact 
could be made even more astonishing by recognizing 
that some cells can lose these “small particles” and 
yet continue to live and multiply. The remainder of 
this section which deals with chemical transformations 
in the course of the various cycles listed is however 
competently written, and will prove helpful to every 
reader. 

The final chapter on the synthesis of enzymes is 
quite out of tune. It does not even provide a formal 
completeness to the book. The student is asked to 
jump from fatty acid oxidation through genes to pep- 
tide bond syntheses, protein specificity, and into the 
intricate details of microbiological studies on enzyme 
adaptation. It is like throwing an obscure Hegelian 
passage into a German language primer. The book 
would be more graceful without it. 

On the whole the book is a good one for students 
interested in the chemistry of enzymes. Its short- 
comings are no more than those common to many 
university courses. Where to limit philosophical spec- 
ulation so as to keep it from turning into a hollow 
scholasticism and factual information from turning 
into dull encyclopaedism is a difficult problem in edu- 
cation. It is unfortunate, however, that so often in so 
many places fact has been favoured to the exclusion 
of doctrine—H. Stern, Chemistry Division, Science 
Service, Department of Agriculture, Ottawa, Ontario, 
Canada. 


VEGETATION AND WATERSHED MANAGEMENT.—E. A. 
Colman. The Ronald Press, 15 East 26th 
Street, New York 10, New York. 412 pages. 
1953. $7.00. 


The author of this volume, which was sponsored 
by the Conservation Foundation, has been concerned 
with forest influences and watershed management for 
the last 25 years. This book is a successful attempt 
at synthesis and is concerned with water as a product 
of the land as well as with effects of vegetation in 
influencing water yield. Its objective is to review con- 
cepts and research in the relation of vegetation to 
water yield control so that an appraisal of existing 
knowledge may be considered together with possibly 
fruitful avenues for continued research. 

The 16 chapters are presented in three sections 
blandly labelled 1) water yield and its control, 2) 
principles of water yield control, and 3) vegetation 
and water yield control. 

An exceedingly brief first section defines the book’s 
philosophical approach and is not markedly profound 
probably because of the author’s desire to provide 
information at the beginning for those concerned with 
less technical aspects of water conservation. 

Early in the second section Dr. Colman’s enthusi- 
asm for his»field begins to emerge. He compares 


reservoirs and watersheds to suggest essential differ- 
ences and similarities between them and their bearing 
on water yield control. With equal facility he ap- 
praises the influence of vegetation on hydrologic proc- 
esses undergone by precipitation delivered to the land. 
There is also a treatment of how vegetation might be 
expected to influence the several aspects of water 
vield or how hydrologic processes, as modified by 
vegetation, could influence the high flows of streams, 
sediment load, and regimen and quality of water yield. 

There is a final section of 8 chapters which is more 
lengthy than the other two sections combined. The 
subject matters here make for less evidence of con- 
tinuity than was evident in the second section. Again 
a breadth of experience is revealed in the author’s 
handling of chapters on vegetation regions, research, 
alternative kinds of vegetation, croplands, fire, grazed 
lands, tree-covered lands and finally a chapter on 
recapitulation. 

Of special interest to this reviewer was the classifi- 
cation in five categories of pertinent research done in 
the past: studies designed to better understand hydro- 
logic processes, those dealing in quantities involved in 
hydrologie processes, those in which different kinds of 
vegetation are compared with respect to water con- 
trol, those seeking ways to correct damage to water 
vield processes by use or misuse of land, and vegeta- 
tion change studies intended to improve water yield. 

Dr. Colman concludes that undisturbed forest 
yields virtually no surface flow and erosion during 
storms and favors lowest storm-flow peaks in streams. 
Grass sod and other plants which provide dense, 
permanent soil cover also control runoff effectively 
while row and field crops show greatest water damage. 
In addition he points up the inadequacy of all rota- 
tion systems. Strip-cropping apparently has little or 
no effect in reducing surface flow as compared with 
rotation cropping. 

The author believes that future research in hydro- 
logic effects of fire should be designed to yield quanti- 
tative data under more carefully defined local condi- 
tions. Unquestionably burning promotes surface flow 
and erosion. Grazing, too, has deleterious effects. In 
the West heavy grazing motivated frequent flash 
floods, damage to lowlands, and reservoir sedimenta- 
tion. In the East grazing promoted decreased ground 
cover and increased compaction which rendered soil 
susceptible to surface flow during storms. 

The final chapter restates objectives and neatly 
summarizes: 1) Certain land uses and vegetation treat- 
ments have clearly defined hydrologic consequences. 
2) There are only clues available of hydrologic effects 
of some land uses and vegetation treatments. 3) There 
is need for more research on hydrologic and physio- 
logical processes. 4) More research that will yield 
quantitative data applicable to entire watersheds is 
needed. 5) Further research is necessary to provide 
results that have quantitative application to problems 
of water yield control and such investigations will be 
time-consuming and costly. 6) Results of most re- 
search are safely and quantitatively applicable only 
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to areas similar to those where the research was con- 
ducted. 7) Considerable published information is 
available which can be advantageously analyzed. 

Rather gingerly references to physiological proc- 
esses seemed not to characterize adequately the oppos- 
ing considerations of welfare of watershed vegetation 
and those of water yield control as viewed by hy- 
drologists. In due fairness, however, the conflict is 
recognized, for instance, in the suggestion that evapo- 
transpiration could be advantageously reduced by 
defoliation and the statement, “But considerable 
physiological research is necessary before we shall 
know when and under what conditions defoliation can 
be accomplished without unduly injuring the water- 
shed vegetation.” 

Plant physiologists will be interested in the author’s 
plea for research in evapo-transpiration related more 
closely to plant physiology, climate and soil under 
field conditions, so that the information obtained will 
have direct application in watershed management. In 
the light of the book’s objectives the first part, at 
least, of the following statement puzzles this reviewer 
somewhat: “Studies are needed of physiologic proc- 
esses in plants that affect transpiration, of root depths 
and rooting characteristics of plants of various kinds, 


and of the influence of soil water conditions and local 
weather conditions upon evapo-transpiration.” 

The author is thoroughly competent in his techni- 
eal field and has carefully chosen his reinforcing data 
in appraising regional problems. His is a broad under- 
standing of principles which is augmented with keen 
insight into variations in regional hydrologic situa- 
tions. Furthermore, he is properly cautious about not 
extending local research findings too far. 

Much could be gained in readability from con- 
siderable tightening up of the writing. There is a pro- 
nounced tendency throughout the book for recalling 
what was already covered in prior chapters and this 
is perhaps the most disappointing feature of Dr. Col- 
man’s work. Thus one finds, by way of only one of 
many examples, that on page 120 there are at least 
three such restatements which seem unjustified even 
in terms of any necessity for emphasis. 

The format is quite acceptable although there is a 
tendency to neglect the freely quoted passages because 
they could be considered by some to be in unappe- 
tizingly small print. Especially lucid illustrations 
considerably enhance this informative contribution — 
THEODORE T. KozLowsk1, University of Massachu- 
setts, Amherst, Massachusetts. 





PREPARATION OF MANUSCRIPTS FOR PUBLICATION 
IN PLANT PHYSIOLOGY 


The following suggestions are made to authors 
writing papers for this journal in order to minimize 
revisions and editorial corrections. Though many 
points may appear arbitrary or trivial, attention to 
details is necessary to secure uniformity of format and 
style. The membership dues and subscription fees go 
almost entirely to publication costs, as all of our edi- 
tors give their services without financial recompense. 
Hence the cooperation of authors in preparation of 
manuscripts minimizes expense and permits greater 
liberality as to length and number of papers published. 
Authors will find the following concise publications 
useful in preparation of manuscript copy: A. J. Riker, 
The Preparation of Manuscripts for Phytopathology. 
PHYTOPATHOLOGY XXXVI, pages 953-977, 1946; 
and S. F. Trelease, The Scientific Paper: How to Pre- 
pare it. Seeond Edition. Williams and Wilkins Com- 
pany, Baltimore, Maryland, 1951. 

1. Length. The allowable length of papers is 10 
printed pages, with tables, figures, formulae and equa- 
tions not to exceed 25 % of the total. Authors will be 
billed at cost for overrun and excess of figures and 
tables. 

2. Format. In the preparation of typescripts, 
authors are requested to examine a January, 1956, 
copy of the journal of PLANT PHYSIOLOGY to note 
particularly the position of headings, general organi- 
zation, punctuation, abbreviations and the methods 
of citing literature in order to bring the script into 
conformity with the general style of the journal. 
Leave a three inch margin at the top of the first page, 
liberal side margins and double spacing of lines to 
permit proofmarking and required editorial changes. 
Wherever possible metric units and centigrade tem- 
peratures should be used. If it is essential to use 
English units, such as in pounds per acre, include a 
conversion factor to metric units the first time the 
English units are used. 

3. Headings. Leave all headings unscored and sci- 
entific names without underlining, as the editors will 
proofmark these items in accordance with the practice 
of the journal. Generic names used alone are usually 
capitalized but not italicized. In general, do not 
underscore any lines. 

4. Footnotes. Avoid footnotes as far as possible 
by placing such items under acknowledgments or at 
end of summary. When footnotes are used, they 
should be numbered with Arabic numerals. 

5. Figures. Copy for figures (photographs and 
drawings) should consist of 2 sets and should not 
exceed S¥% x11 inches. Retain original drawings as 
a safeguard against loss. Author’s name and figure 
number must be written on the back of each figure. 
Do not put legends into or on the figure, either front 
or back. Type all legends double spaced, properly 
numbered to correspond to the figures, on a separate 
sheet of your manuscript. Graphs and drawings 
should be inked with fairly heavy lines and with 


lettering of approximately uniform size to insure 
clarity of printed figures after reduction. Photo- 
graphic prints should be submitted on gloss-finish 
paper. Limit copy to desired visual details, trim off 
irrelevant foreground and minimize blank space, as 
charges for cuts are based on area. The editor will 
proofmark copy to determine actual size of printed 
figures. 

Authors are asked to group figures whenever possi- 
ble so that two, three, four or six figures can be repro- 
duced by a single zine etching. Do not mix half-tone 
and zine etchings in the same grouping. Authors of 
manuscripts can save the journal approximately 
$1,000 a year by properly grouping their figures. 

6. Tables. Place each table on a separate page; 
do not crowd too much material into a single table. 
Note the size of the printed page, and that tables 
should be designed to fit into one column, i.e. 3 inches 
in width, wherever possible, although full page tables, 
64% inches wide can be used where required. In no 
case are tables to be printed turned 90° on the page. 
Use horizontal lines (rules) at top and bottom, but 
omit or employ such rules sparingly in the interior of 
the tables. Rules and spaces are usually used in the 
final printed tables to separate sets of data. For foot- 
notes to tables use the asterisk, double asterisk, dag- 
ger, double dagger and section in this sequence as 
needed. Tabular material should be used sparingly 
because of its high cost. 


7. Acknowledgments. Place acknowledgments at 
the end of the paper just below summary. 

8. Address. The name of your institution and its 
address should be listed just below the names of the 
authors. 


9. Literature Cited. 


Use separate pages for the 
literature cited and type double spaced. Give com- 
plete citations, author, title, journal name, volume 


number, inclusive pages and year. (See the literature 
lists in the January, 1956, issue of the journal for 
examples.) Punctuate according to the examples, and 
leave no citations incomplete. Write out names of 
states in full. Note proper abbreviations of journals. 
An error frequently noted in manuscripts with long 
bibliographies is failure to mention in the text all cita- 
tions listed. Authors are requested to check all cita- 
tions in the bibliography by careful proofreading of 
manuscripts prior to submission. 

10. Manuscript Review. Manuscripts are sent out 
for review by two competent reviewers familiar with 
the field of research covered by the paper. These re- 
viewers may or may not be members of the Editorial 
Board. In case of marked disagreement between re- 
viewers, the Editor appoints a referee, usually a mem- 
ber of the Board, to make a recommendation for the 
Board. ‘Usually two months suffices for review and 
decision of the Editorial Board. Revised manuscripts 
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should be returned within two months of the authors 
receiving proposals for revision of their manuscripts, 
or the revised paper will be published under the date 
of the receipt of the revised manuscript and not the 
original date. 

11. Galley Proof. Correct all errors clearly and 
return galley promptly to editor. Authors will be 
billed at cost for alterations in the galley proofs, other 
than corrections of printer’s errors, involving excessive 
changes from manuscript copy. 

12. Send original copy of manuscript and first car- 
bon to the editor, D. R. Goddard, University of Penn- 
sylvania, Philadelphia 4, Pennsylvania. Retain a car- 
bon copy to insure against loss, and to consult in case 
of need. Prompt return of revised manuscript copy 
and galley proof to the editor greatly expedites publi- 
cation. Write across the top of title page of the 


manuscript directions for mailing of proof, thus: Mail 
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